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1. Summary

The Advanced Subsonic Technology (AST) Noise Reduction Program goal is to reduce aircraft

noise by 10 EPNdB by the year 2000, relative to 1992 technology. Interim goals have been

established which include a goal to validate concepts to improve nacelle duct treatment

effectiveness by 25% relative to 1992 technology by the second quarter of fiscal year 1997. The

Advanced Turbofan Duct Liner Concepts Task (Task 1 NAS-20090) work by Boeing was

supporting this goal. The duration of this contract was February 1994 to September 1996.

The technical approach was to investigate methods for increasing the attenuation bandwidth of

nacelle acoustic linings. The primary motivation for this approach is the character of the fan

noise spectrum generated by modem wide chord fan engines. The wide chord fans have

approximately 50% fewer blades and run at slightly reduced tip speeds compared to older

narrow chord fans. As a result, the fan blade passing harmonic frequencies are significantly

lower than for narrow chord fans. For example, blade passing frequency (BPF) at landing for

the engines powering the Boeing 777 airplane is in the 630 to 800 Hz I/3 octave band range.

The broadband fan noise spectrum however is very similar for the narrow and wide chord fans

with the peak Noy weighted levels in the 3 kHz to 4 kHz region. Therefore, for effective PNLT

attenuation, approximately 3 octave bandwidth lining attenuation is required for wide chord

fans in order to attenuate the peak NOY region of the spectrum and reduce the tone correction

resulting from the BPF.

The basis for the technical approach was a Boeing study conducted in 1993-94 under

NASA/FAA contract NAS 1-19349, Task 6 investigating broadband acoustic liner concepts. As

a result of this work, it was recommended that linear double layer, linear and perforate triple

layer, parallel element, and bulk absorber liners be further investigated to improve nacelle

attenuations. NASA Langley also suggested that "adaptive" liner concepts, which would allow

"in-situ" acoustic impedance control, be considered. As a result, bias flow and high temperature

liner concepts were added to the investigation. The following summarizes the specific studies
conducted for Taskl NAS-20090:

1. Passive Acoustic Liners. This study investigated liner designs with

increased degrees-of-freedom such as double layer, triple layer and

parallel element liners; liners with linear resistance elements such as the

currently used woven wire as well as new concepts such as slots and

micro-perforates; and bulk absorber materials such as fiberglass, kevlar

felts and ceramic foam. Subcontracts were given to Hersh Acoustical

Engineering (HAE) to study the linear liner concepts of narrow slots and

micro-perforates.

Analysis of the grazing flow impedance test data gathered to verify the

impedance models used for the analytical study of the passive and

adaptive liners was not complete at the time this contract concluded.

However, passive liner concepts, which included triple layer and parallel

element liners designed for fan duct application, were tested and

preliminary data analysis was completed. This data indicated that the

liners may be slightly better than predicted, but there was sufficient scatter

in the data that its accuracy, particularly at grazing flow Mach numbers

greater than 0.3, is questionable.

Boeing does not use woven wire resistance elements in the nacelles it



buildsbecauseof a numberof concernsassociatedwith manufacturing
andin-servicedurability. However,theabovestudiesshowedimportant
potentialacousticbenefitsfrom useof linearmaterials.Theslotconcept
proposedby HershAcousticalEngineeringshowedgoodacoustic
properties,but it wasconcludedthatslotshadstrengthandmanufacturing
efficiencydifficultieswhichwould resultin veryheavyliners. Therefore,
their developmentwasterminatedin favorof micro-perforates.Initial
acoustictestingwith micro--perforateswith holesizesdownto .004in.
laserdrilled into .040in. thick titaniumplateshowedacoustic
characteristicsvery similarto currentlyusedwovenwire. As aresult,
furtherwork with micro--perforatelinersis plannedfor follow onwork.
Althoughanumberof bulk absorbermaterialswerefoundwith good
acousticcharacteristics,nonewereconsideredusablein aircraftengines
becausefluid absorptiontestingshoweda strongtendencyto absorb
hydrocarbonssuchasjet fuel andhydraulicfluid. Furtherbulk absorber
investigationswerethereforeterminated.

2. Adaptive Acoustic Liners. Two concepts were chosen for investigation.

The first was a bias flow concept which uses a steady bias flow (blowing

or suction) through the liner to modify the acoustic properties of the liner.

The second concept involved increasing the temperature of the liner to

modify its acoustic properties. The design application investigated for

bias flow was to design a non-linear liner for the high engine power

condition (high local SPL) and use bias flow to maintain the desired

acoustic resistance at low engine powers (low local SPL). Although

grazing flow impedance tests were completed the data analysis has not

been completed for the adaptive liner concepts.

3. ADP Model Fan Acoustic Liner Design. This was the first of two

airplane nacelle design studies conducted. It was a joint study to design

and build acoustic liners for testing on the NASA Lewis 22 inch

Advanced Ducted Propeller (ADP) model scale fan. The airplane

application was assumed to be a Boeing 747 derivative powered by ADP

engines. The scale factor assumed was 5.91. Boeing had responsibility

for design of the fan duct liners, PW had responsibility for designing the

inlet liners, Rohr manufactured the liners and NASA Lewis performed the

testing in their 9x 15 acoustic wind tunnel. NASA Langley served as

consultant and coordinator for the lining design work. There was a great

deal of interaction among the participants during the design phase to

insure that the best technology available was being applied. Preliminary

analysis of the model scale ADP acoustic lining data indicates that the fan

duct liners were behaving as predicted, but a detailed analysis with narrow

band data is planned in the follow on work.

4. Medium Sized Twin-Engine Airplane Liner Study. The purpose of

this design study was to apply the design concepts developed from the

above work to engines representing 1992 technology powering a

mid-sized, twin--engine, commercial airplane. The Boeing 767 airplane

was used to represent this class of airplane. Both inlet and fan duct lining

2



studieswereconducted.Forthe inlet, theeffectof increasingthelining
areaby improvementsin manufacturingandstructuraldesign,aswell as
increasingtheinlet length,wereexaminedin additionto lining acoustic
impedanceimprovements.Also, the impactof a scarfinlet concept,
whichusestheinlet shapeto directnoiseupwardabovetheairplanewhile
reducingenergypropagatingto theground,wasexamined.

Themajorconclusionfrom theabovestudiesis thatimprovementsin nacelleliner average
impedancecharacteristicsalonewill not resultin 25%increasednacellenoiseattenuation
improvementsrelativeto 1992technology.(Theliner assumedfor 1992technologywasa
doublelayer,perforateliner usingtheBoeingburiedseptumtechnology.)Optimumuniform
liners,i.e. imaginarylinerswith optimumimpedanceat eachfrequency,werepredictedto result
in improvementsof approximately10%for inletsand15%for fanductsat theairplanelanding
condition.Linerswith increaseddegrees--of-freedomsuchastriple layerperforateswere
estimatedto offeronly 2%- 3%improvementfor inletsand6%- 10%improvementfor fan
ducts. Linerswith linearresistanceelementssuchaslineardoubleandlinear triple layerliners
wereestimatedto offer 6%- 7%improvementfor inletsand7%- 10%for fanducts.

Theeffectsof varying liner impedancewithin thenacellewasnotevaluatedin detail in this
study. A previousinlet studyusinganearlyversionof theraytracingcodeusedherefoundonly
asmallbenefitfor varying liner impedancein theinlet. Forthefanduct,theductwave
propagationcodeusedonly appliesto ductswith constantgeometry,lining andflow conditions.
An approximatecalculationindicatedthatvaryingliner impedanceaxially in aconstant
geometryfanductgivesapproximatelythesameattenuationbandwidthascalculatedfor the
uniformimpedancespectrumof parallelelementliners.

Oneaspectof varying liner impedancewhichmaybeparticularlybeneficialfor fanductsis
modalscattering.This couldnotbeanalyticallyevaluatedwith thecodeusedin thepresentstudy
however.For typical lengthfanductstheductpropagationstudiesindicatedthattheattenuation
waslimited by themodestattenuationof low ordermodes.This suggestsaconceptwherethe
initial fanduct lining isusedto attenuatethehigherordermodes;which is thendirectly followed
by amodescatteringdevice(suchasanimpedancediscontinuity)usedto scattertheenergyin
theremaininglow ordermodesintohighordermodesthatthefollowing lining canmore
effectivelyattenuate.In.etbroadbandnoiseis composedof a largenumberof cut-on modes,so
scatteringwouldnotbeexpectedto doanythingmorethanre-mix themodalenergydistribution.

Thepossibilityof takingadvantageof the3-D geometryof fanductshasalsobeensuggestedfor
improvingfanductattenuation.Therectangular/circular/annularductcodeusedfor thepresent
fan ductstudiesdid notallow anythingbut idealizedgeometries.Thefanductscatteringand3D
geometryconceptswill beevaluatedlaterwith anewcodebeingdevelopedat Boeingunder
AST contract.

Additionalnacelleadvancementssuchasliner structuraldesignimprovementsto allow reduction
in panelareausedfor fastenersandstrengthreinforcementarepresentlybeingstudiedwith
internalfundsat Boeing. Additionally,theeffectsof linerson theboundarylayerin the inlet
throatregionarebeingstudiedwhichmayallow lining forwardof thethroat. Thesenacelle
designadvancementsareexpectedto add20%to 40%moreactiveacousticlining areain current
inletswhich ispredictedto resultin a40%- 80%attenuationimprovement.Similar
advancementsareexpectedto allow 10%to 30%moreacousticlining in currentfanductswith
10%to 30%moreattenuationexpected.In addition,Boeingis currentlydevelopingascarfinlet



conceptwhich is expectedto give anadditional40%to 80%attenuationimprovementfor an
equivalentlining area.



o Introduction

The Advanced Subsonic Technology Noise Reduction Program (AST) goal is to develop

technology by the year 2000 to reduce aircraft noise by 10 EPNdB relative to 1992 technology.

The technology development strategy is a coordinated effort among government, industry and

academia addressing engine source understanding and reduction, nacelle aero-acoustics,

engine/airframe integration and flight procedures. Interim goals have been established which

includes a goal to validate concepts to improve nacelle duct treatment effectiveness by 25%

relative to 1992 technology by the second quarter of fiscal year 1997 (FY '97).

The Advanced Turbofan Duct Liner Concepts Task (Task 1 NAS 1-20090) reported here was

assigned to pursue the above goals. The basis for the technical approach was a Boeing study
conducted in 1993-94 under NASA/FAA contract NAS 1-19349, Task 6 investigating

broadband acoustic liner concepts. As a result of this work, it was recommended that linear

double layer, linear and perforate triple layer, parallel element, and bulk absorber liners be

further investigated to improve nacelle liners. NASA Langley also suggested that "adaptive"

liner concepts which would allow "in-situ" acoustic impedance control also be considered. As

a result, bias flow and heated core liner concepts were added to the investigation.

The purpose of this report is to communicate the work done under contract NAS 1-20090, Task

#1, "Advanced Turbofan Duct Liner Concepts." This report represents a fulfillment of

deliverable items specified in the contract.

2.1 Technical Approach

Using Boeing design tools and experience with parallel element, double layer and triple layer

liners, a complement of linings was designed for improved fan duct broadband attenuation.

These design studies were guided by the results of a Boeing study conducted in 1993-94 under

NASA/FAA contract NAS 1-19349, Task 6 investigating broadband acoustic liner concepts.

Panels using these designs were then manufactured for testing in Boeing's grazing flow

impedance measurement facility. This facility propagates the fundamental mode over the
acoustic liner with a flow Mach number up to M=0.5 and determines the effective liner

impedance from the measurement of the complex acoustic pressure pattern over the length of the

liner. The purpose of the testing was to verify the designed impedance spectrum of the liners

with a grazing flow and a noise environment representative of an engine fan duct at typical

landing and takeoff conditions.

The Boeing Materials Engineering group completed a survey of potential bulk absorber

materials and together with Noise Engineering selected five materials for further investigation:

Manville Fiberglass batting, Osaka Gas (ANA) Carbon fiber batting, Tex Tech Kevlar felt, Tex

Tech Polyimide felt and Lockheed Ceramic fiber. Acoustic impedance testing, including

measurement of the characteristic impedances and propagation constants, and fluid absorption

tests were conducted on the five selected materials. While all five of the materials tested showed

good acoustic characteristics, they all showed unacceptable hydrocarbon fluid wicking. As a

result the bulk absorber investigation was essentially terminated. One supplier, Osaka Gas, said

they would study ways to correct this problem on a very low priority level.

Under subcontract to Boeing, Hersh Acoustical Engineering (HAE), in conjunction with testing

at NASA Langley, developed verification and modeling data demonstrating the nonlinearity and

grazing flow independence of their slotted liner concept. However, Boeing structural design
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personnel concluded that the concept posed serious structural and manufacturing difficulties for

nacelle application. As a result, development of this concept did not continue beyond 1995. In

1996 HAE began an investigation of the impedance properties of micro-perforate sheets to

develop acoustic data which could be used to evaluate their feasibility for linear liner systems.

HAE developed both circular and slotted orifice semi-empirical acoustic impedance models

using the data from these tasks as well as past HAE work.

Boeing participated with P&W, Rohr, NASA Langley and NASA Lewis to design acoustic liners

for the 22 in. model scale ADP fan to be tested at NASA Lewis in 1996. Boeing had prime

responsibility for the fan duct liner design and P&W had prime responsibility for the inlet and

fan case liner designs. This division of responsibility was somewhat arbitrary. Initially it was

envisioned that both Boeing and PW would be strongly involved in the design of all of the liners

(even doing independent designs for the same part) but in the end there was only time for each

company to review the others progress during the design period. The objective was to

demonstrate advanced liner design and analysis concepts and show a 25% attenuation

improvement relative to the baseline liner which was scaled from the Advanced Ducted

Propeller (ADP) demonstrator engine test in 1992.

An analytical evaluation study was conducted applying the design concepts developed from the

above work to engines representative of 1992 technology powering a medium twin commercial

airplane. The objective of this study was to design liners which would be predicted to give at

least 25% attenuation improvement relative to a 1992 technology engine nacelle. Both narrow

chord and wide chord fan engine representations were evaluated. A major element of this study

was to be the choice of mode energy distribution assumed for the tones. It was expected that the
mode predictions and measurements made for the 22" ADP model would influence this choice.

Unfortunately the modal data was not available in time to be used. Therefore, the standard

Boeing assumption of nearly equal energy in each propagating mode was used. For the inlet, ray

acoustics was used, which is equivalent to assuming a very large number of modes with equal

energy. For the fan duct, a rectangular duct model was used with the mode energies being

approximately equal except near cut-off where the assumed energies drop off significantly.

2.2 Report Organization

This report is organized in sections which describe the details of the work conducted for the

above investigations. The report is a composite of mini-reports on all of the studies conducted

over the term of the contract. The sections are somewhat chronological, but there is also a

logical flow moving from investigation of lining design concepts to application of these concepts

to a specific airplane noise reduction study. Section 3 describes the passive liner investigations

including the grazing flow impedance tests, the bulk absorber materials investigations and the

linear materials investigations. Reports from Hersh Acoustical Engineering on the slot liner

development, the single orifice impedance modeling and the preliminary micro-perforate

investigation are contained in Appendices 1, 2 and 3 respectively. A brief summary of the
preliminary analytical passive liner studies conducted in 1993-94 under NASA/FAA contract is

contained in this section for completeness since this work formed the basis for all of the follow

on passive liner studies. Although the NASA/FAA contract studies were somewhat idealized in

that specific airplane noise design and attenuation metrics were not used, we felt the results

apply to the airplane design and the community noise evaluation metrics generally used
(EPNdB).

6



Section4 describestheadaptiveliner workstatusatthispoint,but is notyet completesincethe
measuredimpedancedatahasnotyetbeenanalyzed.

Section5 describesthedetailsof theADP fanductliner anddesignprocessincludingthe
predictedattenuationsfor theADP modelscalefantest.

Finally,theanalyticalevaluationof thepassivelinersappliedto thenacelleson amediumtwin
airplanepoweredby narrowchordandwidechordfanenginesis containedin Section6. This
workusedthedesigntoolsandexperiencedevelopedfrom theabovework andanalytically
evaluatedtheprimarypassiveliner designconceptsof single,doubleandtriple layerperforate
andlinearlinersconsideringthespecificconstraints,noisecharacteristics,aerodynamicsand
certificationmetricsof amediumsized,twin engineairplane.In addition,theacousticbenefits
of newnacellemanufacturingconceptsallowingmoreacousticlining within thecurrentnacelle
envelopeandanewinlet geometry(scarfinlet) wereanalyticallyevaluatedfor comparison.

Appendix4 is a listing of the lumpedelementacousticimpedancemodelsdevelopedunderthis
contractandcodedinto theBoeingimpedancelibrary. Thesemodelswereusedin the
calculationof liner acousticimpedances.

7



3. Passive Acoustic Liners

3.1 Acoustic Liner Characteristics

The following discussion is intended to introduce the reader to the nomenclature of acoustic

linings which is utilized in the later sections.

A typical single layer acoustic lining, shown in Figure 1, is composed of a face sheet and

honeycomb core with an impervious backing sheet. Face sheets are usually composed of a

perforated plate or woven wire/perforated plate sandwich. The honeycomb core is composed of
cells which, when bonded to the face sheet, create cavities behind the face sheet. The attachment

of an impervious backing sheet to the honeycomb core seals the honeycomb so that each cavity

is isolated from its neighbors. This creates a single-layer resonator, whose impedance ( Z ) is

characterized by a resistive ( R ) real part and reactive ( X ) imaginary part, Z = R + i X. The

resistive impedance is only a function of the face sheet configuration. The reactive impedance is

a function of the face sheet configuration and the cavity depth behind the face sheet.

Characterizing the impedance in such a way as to isolate the effect of the cavity reactance, leads
to

Z = Zface sheet- i cot( kd ) . (+ iwt convention)

The cavity reactance, - i cot( kd ), strongly influences the frequency response characteristics of

the liner. As frequencies increase above the first resonance (X=0, approximately where the

attemuation is maximum), the reactance approaches positive infinity. At frequencies below the

resonance frequency, the reactance approaches negative infinity. There are several methods to

modify this behavior. One method is to create multiple layer liners as shown in Figure 2.

Another method is to create a multi-segment parallel element liner, shown in Figure 3.

Figure 4 is a diagram of the two parallel element, double perforate layer liner to aid in

understanding of the nomenclature.

3.2 Summary Of Preliminary NASA/FAA Contract Investigat-
ing Broadband Acoustic Liner Concepts

This section summarizes the results of a Boeing analytical study conducted in 1993-94 under

NASA/FAA contract NAS 1-19349, Task 6 investigating broadband acoustic liner concepts.

The results of this work formed the basis for the passive liner work conducted under the present

AST contract: The main objective of this study was to investigate acoustic linings which have

increased bandwidth attenuation compared to conventional nacelle liners. Broad bandwidth liner

attenuation was believed necessary for new turbofan engines which use wide chord fan blades.

The number of fan blades for these engines is much fewer than in the past. These fans therefore

generate much lower frequency blade passing tone noise (of the order of 800 Hertz at approach

power). The broadband fan noise spectrum however, is very similar for the narrow and wide

chord fans with the peak NOY weighted levels in the 3 kHz to 4 kHz region (see Figure 5).

Therefore, for effective PNLT attenuation, approximately 3 octave bandwidth lining attenuation

is required for wide chord fans in order to attenuate the peak NOY region of the spectrum and

reduce the tone correction resulting from the BPF.

There are several techniques for achieving increased bandwidth attenuation with acoustic liners.

This study concentrated on liners with distributions of parallel elements while examining other



designs for comparison. Although the impedance of the individual elements of the parallel

element liner was allowed to vary, an effective uniform impedance was assumed to determine its

effect on sound propagation. Therefore, all of the liner designs (except for the two segment

series duct configuration) were studied as constant impedance liners.

Candidate lining concepts were evaluated using Boeing lining design optimization tools. Two

different approaches were applied for the design and evaluation of the lining concepts. The first

was a "plane wave" approach and the second a "mode" approach. Most of the attenuation

trends concluded from the plane wave reflection design optimizations were also observed for the

duct propagation design optimizations although not as strongly. The following are the primary

conclusions for nacelle liner design for broadband attenuation from this study:

1. Maximum attenuation was attained with the triple layer and bulk absorber
liners.

2. Triple layer liner attenuation was greater than double layer liner

attenuation which was greater than single layer liner attenuation

3. The parallel element liners resulted in superior attenuation compared to

the constant geometry liners.

4. The two segment series duct version of the parallel element double layer

liner gave nearly identical attenuation as the parallel element liner for aft

duct propagation.

5. Linear liner face sheets and septa did not show as large a benefit for the

duct propagation analysis as seen for the plane wave analysis, but still

generally resulted in attenuation improvements.

The above results are summarized in figures 6 and 7. Figure 6 is a plot of the estimated

OAPWL attenuation of a given liner in an engine fan duct vs. the number of parameters which

could be varied to optimize the liner design (DOF-degrees of freedom). For example a double

layer perforate liner is shown to have 4 DOF since the face sheet and septum open areas and the

top and lower depths were optimized. Figure 7 shows the same results for engine inlet liners.

Impedance and attenuation spectra for perforate single, double and triple layer fan duct and inlet

liners are shown in figures 8 and 9.

Comparison of the predicted maximum attenuation attainable from a uniform "ideal" liner

impedance with the predicted attenuation of the current production perforate double layer liner

concept indicates that the potential for improvement with uniform impedance is approximately

30% (overall power level (OAPWL) dB improvement) for the inlet and 60% for the fan duct.

The best liner designs developed in the above study are predicted to attain approximately 25%

improvement (both inlet and fan duct) relative to that attainable with the current perforate double

layer liner concept, using the broadband OAPWL noise metric for comparison.

The bulk absorber liners are predicted to give the most attenuation of all of the liners studied

followed closely by the triple layer liner. The application of bulk absorbers for turbofan engine

nacelle application has not been pursued in the past because of structural and maintainability
concerns. Several new bulk absorber materials have become available which were

recommended for examination. These materials included polyimide foam, ceramic felt and
metal matrix foam. It was recommended that the examination include acoustic characterization

and consideration of the structural, weight and other mechanical issues associated with their use.



"Linear" acousticmaterialsclearlyshowedpredictedacousticadvantageswith theplanewave
evaluationbut theductpropagationanalysisshowedlessandsomewhatinconsistentbenefits. At
thedesignenginepowerconditiona"linear" linergivesgreaterattenuationbandwidthcompared
to a perforateliner becauseof thelowermassreactanceof the linearliner. Considerationof the
acousticperformanceof "linear" vs.perforatelinersathigherenginepowerconditions(off
design),wheretheliner is exposedto highergrazingflow Machnumbersandhighersound
levels,showedhigherOAPWLattenuationfor the linearlinercomparedto theperforateliner,
for bothfan ductandinlet models."Linear" materialssuchaswovenwire overaluminum,
wovenwire overcomposite,laserdrilled thermoplastic,laserdrilled graphiteepoxycomposite
andpre-pregpolyimidewererecommendedfor study.Again,considerationof thestructural,
weightandothermechanicalissuesassociatedwith "linear" materialsaswell astheacoustic
characteristics(impedance)wasrecommended.

Theeffectsof varyingliner impedancewithin thenacelleor varyingnacellegeometrywerenot
evaluatedin detail in thisstudy. However,anapproximatecalculationindicatedthatvarying
liner impedancein aconstantgeometryfanductgivesapproximatelythesameattenuation
bandwidthascalculatedfor theuniform impedancespectrumof parallelelementliners. One
aspectof varying liner impedance,whichmaybeparticularlybeneficialfor fan ducts,is modal
scattering.Scatteringcouldnotbeanalyticallyevaluatedwith thecodeusedin thepresentstudy
however.For typical lengthfanducts,theductpropagationstudiesindicatedthattheattenuation
waslimited by themodestattenuationof low ordermodes.A conceptis thereforesuggested
wherebythe initial fanduct lining is usedto attenuatethehigherordermodesandis followed by
a modescatteringdevice(suchasanimpedancediscontinuity)to scattertheenergyin the
remaininglow ordermodesintohighordermodessothatthefollowing lining canmore
effectivelyattenuatetheremainingnoise.

Theresultsfrom thestudyof theapplicationof advancedlinersto amediumtwin airplane
discussedin section6 showedapproximately1/4of the improvementsrelativeto 1992perforate
doublelayerliner technologyfound in theFAA study.Theprimaryreasonsfor this discrepancy
arethedifferencesin thesourcenoisespectralcharacteristicsassumedandtheevaluationmetric
used.For theNASA/FAA studytheassumedsourcespectrumwasa 1/3octavespectrumwith
constantSPLfrom 500Hz to 4000Hz. Theevaluationmetricwasoverallpowerlevel
(OAPWL). For themediumtwin study,theevaluationmetricwasfancomponentpeakflyover
PNLT,wherethesourcespectrumhadmaximumNOY weightingin thefrequencyrangeof 2to
5 kHz. Themaximumattainableattenuationin this frequencyrangeis significantlylower than
in the lower frequenciesbecauseof thebeamingeffectof higherfrequencymodes.Also,
attenuationbandwidthwasnot asimportantfor theairplanestudyasit wasfor the500Hz to 4
kHz powerlevel attenuationstudy.Thiswaseventhecasefor thewidechordfan whichhada
relatively low frequencyBPFat approach(630Hz band),with aresulting2.2dBtone
correction. Attenuationof noisein theBPFfrequencyregionin thiscasehadonly asmall
contributionto PNLTattenuationsincethetonecorrectiondid notchangeverymuch.In reality
themaskingeffectof othernoisesourcessuchasairframenoisewouldprobablycausethetone
correctionto be reducedastheinlet radiatedfannoiseis reducedin theBPFregion. This effect
howeverwasnot accountedfor in theairplanestudy.

3.3 Passive Liner Tests

The above analytical studies made use of Boeing semi-empirical models for predicting the

acoustic impedance of the elements of a liner and a transmission line analogy analysis tool for
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calculatingtheimpedanceof thearrangementof theelementsto form aliner design. In orderto
verify thecalculatedimpedances,measurementsweremadeattheBoeingWichita facility. The
objectivesof thesemeasurementswere:

1. Measurethe"standardsample"from NASA Langleyfor comparisonof
measurementprocesses.

2. Measureno flow impedance(Z) in a normalincidenceimpedancetube.

3. Measureno flow andwith flow Z in Wichitagrazingflow Z duct for
comparisonto predictionsandtargets.(Grazingflow effectsandparallel
elementassumptioninvestigated).

4. MeasureHershslot resistanceelementssamplein grazingflow to compare
with datatakenatNASA Langleyandto expandMachnumberrangeif
possible.

Thelinerschosenfor testingwere(SeeFigure 11):

1. NASA Langleystandardsample.

2. Perforatedoublelayer(for reference-1992technology).

3. 5 elementparallelelementlineardoublelayer.

4. 2 elementparallelelementdouble/ triple layer - perforate.

5. Triple layer- perforate.

6. Hersh slotted face sheet single layer liner.

Figure 10 is a schematic of the NASA Langley "standard sample." This sample was borrowed

from NASA to develop confidence in the accuracy of the Langley and Wichita grazing flow

impedance measurement facilities. The Boeing liner designs tested are shown schematically in

Figure 11. These designs were optimized for fan duct broadband acoustic attenuation

application. However, the designs are thicker (3 in. to 4 in.) than those allowed in todays fan

ducts. Even todays largest engines limit the fan duct liner thickness to approximately 2 in.

Liner thickness is not as severely limited for the engine inlet application where 3 to 4 inch deep

liners are feasible.

3.3.1 Grazing Flow Impedance Measurement Technique

The technique used at the Boeing Wichita facility to measure liner impedance in the presence of

grazing flow is called the "waveguide" technique. The waveguide method involves measuring

sound attenuation properties in an acoustically lined flow duct. One wall of the duct contains the

acoustic liner being evaluated. A wall mounted traversing microphone on the opposite hard wall

is used to measure the attenuation and phase variation down the duct. These data are used in

conjunction with the convected wave equation for establishing the acoustic liner impedance.

Figure 12 is a schematic of the measurement system. The test section used for the measurements
had a 2 x 2 in. cross section and was 16 inches in length. The resulting frequency range for the

system is 1000 to 6000 Hz and the Mach number range is up to M=0.5. Sound levels over the

lining can be as high as 150 dB OASPL. Data analysis consists of using an optimization

technique to find the liner impedance which will give the "best" match of the analytically

calculated pressure and phase to the measured data. The analytical calculation allows for

segmentation of the duct to account for reflection effects at impedance discontinuities and

impedance variation with non-linear liners, but assumes plug flow.
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3.3.2 Grazing Flow Impedance Measurements For Passive Element Liners

Boeing borrowed the NASA Langley "standard" grazing flow test sample and tested it in the

Wichita facility. The NASA "standard" sample is a porous ceramic 3.25 in. thick. The pours are

nearly cylindrical with a diameter of approximately .025 in. extending the entire thickness of the

material. The surface open area is approximately 60%. NASA has shown that the standard liner

impedance is linear and minimally affected by grazing flow. The liner is of such depth that the

frequency range from 0.5 kHz to 3.0 kHz encompasses two resonance frequencies and one

anti-resonance, so that the measurement procedure gets exercised across a significant range of

resistance and reactance. Langley data are generally consistent for both downstream and

upstream propagation except where an anti-resonance has a pronounced effect on the
measurement uncertainty.

The Boeing measured resistances and reactances for the NASA Langley standard sample are

compared with NASA data (Ref. 1) in Figures 13 and 14 respectfully. The agreement with the

NASA data is reasonably good for M=0.0 and 0.3, but the Boeing resistances for M=0.5 are

lower than the Langley results. Even for M=0.0 and 0.3, the Boeing data deviates significantly

from the NASA data near 2 kHz. Given the expectation that the standard sample should show

little grazing flow dependence, the Boeing data appears inconsistent at this frequency. NASA

shows the largest deviation of their upstream vs. downstream propagation data near 2 k_,LIzas

well. In Ref. 12 they describe a procedure for estimating measurement accuracy and find that

near anti-resonance the measurement accuracy is poor for the wave guide impedance
measurement procedure.

Figure 15 compares Boeing measured and predicted impedance results for the double layer liner

shown in Figure 11, at grazing flow Mach numbers of 0, 0.33 and 0.50. While the agreement is

fairly good at M=0, it is seen that it gets poorer as Mach number increases. Generally, it was

found that the M--0.5 results seemed highly suspect. Note that the M=0.5 measured resistances
are lower than those at M=0.33. The measured data also showed lower reactances than the

predictions at M=0.33 and 0.5. At the 5 kHz prediced anti-resonance, the measured data agrees

poorly with the predictions. This even happens for the M--0.0 case. Figure 16 compares

predicted and measured impedances with the design target impedance spectra at M=0.33 for all

four liners tested (Figure 11). It is interesting to note that all of the liners showed measured

impedances which better matched the target impedance spectra (fan duct propagation target) than
was predicted for 500 Hz < frequency < 3150 Hz. It was estimated that the measured

impedance spectrum for the double layer liner would result in 2 - 5 dB better attenuation for the

fan duct geometry assumed for Figure 6 than with the predicted impedance spectrum. Much of

this benefit is probably due to the lower than predicted reactance in the 1--4 kHz region.

Unfortunately, the measured resistance data at grazing flow Mach number of .5 is sufficiently

suspect to cause one to question the validity of the M=.3 results as well. Therefore, the Boeing

impedance models were not modified to reflect the reactance effect of grazing flow observed in

this data. In addition this data was not available prior to beginning the mid-sized twin lining

design study discussed in section 6. A new AST initiative, led by NASA Langley, is planned to

define the lining impedance changes caused by grazing flow. Measurements will be made by

NASA Langley, GE, Boeing and BF Goodrich (Rohr) with different perforate geometries, both

in order to define the relative merits of the different measurement techniques, as well as to
define the parametric dependencies.

The following conclusions were drawn from the grazing flow impedance test results:
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1. Predicted and measured impedance agreed fairly well at zero grazing flow

but agreement was poor with grazing flow.

2. The accuracy of the grazing flow impedance measurement needs to be

quantified.

3. The triple layer and triple/double layer liners showed similar impedance
characteristics.

4. The measured data showed better agreement with the target impedance

spectrum than was predicted.

3.3.3 Bulk Absorber Materials Study

The following is the list of bulk absorber material candidates identified as having potential for

nacelle application developed by Boeing noise and materials engineering personnel:

Table 1: Bulk Absorber Acoustic Material Candidates Identified by Boeing Material Technology

MATERIAL TYPE SUPPLIER COMMENTS

Carbon fiber batting Osaka Gas (ANA Trading Very low density, 0.3 pcf. Osaka seems

Corp.) to understand the problem. Aggressive

marketing from ANA.

Kevlar,Nomex Polyimide etc. Tex Tech Industries Wide range of materials. Require wa-

(Needle felting) ter repellent. Suggested Zonyl

Ceramic batting Carborundum Hi Temp In- Must have water repellant

sulation Cotronics Corp. Zir-

cor Products Orcon Corp.

Pyroloft AA-fiberglass batt A.L. International L.P.

Pyropel - polyimide felt

[Polyurethane foam General Plastics Requires sealing foam or hydrophobic

coating

Polyimide foam Imi-Tech Requires sealing foam or hydrophobic

coating

Ceramic tiles (aluminum ox- Lockheed In development stage. Approx 4 pcf
ide and silicon dioxide)

Polyurethane and polyester Illbruck Requires sealing foam or hydrophobic

ifoams coating

Copper and niche foam met- Hogen Industries High cost
als

Aluminum and ceramic open ERG, Inc. Astro Met, Inc High cost ($100 per cubic inch)
cell foams

Silicon rubber based systems CHR Div. of Furon Co. Heavy

Fiberglass Manville Fluid absorption and sonic fatigue con-

cerns

From this list the following materials were chosen for normal incidence impedance tube and

fluid retention testing:
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Manville Fiberglass batt, Osaka Gas (ANA) Carbon fiber batt, Tex Tech Kevlar felt, Tex Tech

Polyimide felt and Lockheed Ceramic fiber.

The fluid retention testing consisted of "ground-air-ground" simulation of a complete mission

including takeoff, cruise and landing as well as fluid wicking testing. The ground-air-ground

simulation consisted of 100 simulated flight cycles of temperature, pressure and humidity. The

fluid wicking testing measured the weight gain after samples of the material floated on the

surface of water, jet fuel and hydraulic fluid for 24 hours. The results were as follows:

Table 2: Fluid Retention Properties of Bulk Absorber Material Candidates

MATERIAL % WEIGHT GAIN

WICKINGGROUND
AIR

GROUND
WATER JET FUEL HY-

DRAULIC

FLUID

Fiberglass 1, .6 Ib/ft^3 9.34 11 3620 7810

Fiberglass 2, .4 lb/ft^3 7.03 -2 4310 6460

Fiberglass 2, 1.5 lb/ft^3 2.49 4 3540 4870

ANA Carbon .44 lb/ft^3 1.09 2 6550 9290

ANA Carbon 1.33 lb/ft^3 1.13 82 13950 5430

Lockheed # 13-031 0.27 1630 1020 1460

Lockheed #11-107 -0.15 1370 1050 1380

Kevlar Style 4681 0.99 1910 1180 2510

P84 Polyimide Style 4682 1.15 1760 9940 1580

Normal incidence impedance tube measurements before and after the ground-air ground cycling

did not show any significant changes for any of the materials.

Normal incidence surface impedance and characteristic impedance measurements were made

with a nominal material thickness of 3 in. for a frequency range of 200 to 6000 Hz. for the above

materials. The characteristic impedance calculation followed the equations in Ref. 2 and Ref. 3

requiring measurements of surface impedance using two backing cavity depths. This is a new

procedure at Boeing, but was easily implemented since our surface impedance measurement

process automatically measures data either with zero depth backing cavity or 1/4 wavelength

backing cavity depth (one tone frequency at a time).

The measured impedances were compared with the Delaney and Bazley (Ref.4) and the

Voronina (Ref.5) impedance models. Figure 17 shows comparisons of the measured surface

impedance with predictions using the above procedures for fiberglass with a nominal density of

0.44 lb/ft 3. The Delaney and Bazley (D&B) prediction model requires input of bulk absorber

resistivity and lining depth. For this prediction, the resistivity was calculated from an estimate

of the fiber diameter and bulk density using the equation (Ref. 6):
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R = (1.273 10 -3)/01-53 / d: (cgs units)

(A nominal measured value of 18 cgs R/cm was also used for the D&B prediction of the 0.44
lb/ft 3 material).

The Voronina (V) model requires input of material density, fiber diameter, fiber length and

material thickness. Through experimentation it was found that the V model predictions were not

very sensitive to the fiber length parameter, so a nominal value of 4 cm was used for all

predictions. Both prediction procedures gave similar results for higher frequencies but the

Voronina procedure appeared superior below 1000 Hz., particularly at higher densities.

The next set of figures compare measurements of characteristic impedance and propagation

constant with predictions for the 0.44 lb/ft 3 density fiberglass. Figure 18 shows measurements

of both the surface impedance (8.5 cm thick material) and the characteristic impedance. The

high frequency surface impedance data matches the characteristic impedance data as expected

because of the large material thickness. Figure 19 shows measured and predicted characteristic

impedance. Figure 20 shows the measured vs. predicted attenuation constant in dB/cm and

Figure 21 shows the propagation speed to air propagation speed ratio vs. frequency. There were

cases for which the agreement between the V model predicted trends and measurements were not

as good as those shown in figures 18 - 21 and the reasons for these discrepancies have not been

thoroughly pursued. The equation used to calculate the propagation constant from measured

data is probably subject to large error when the characteristic impedance and measurement

surface impedance are nearly equal. This suggests that thinner material samples may give better

results for propagation constant at higher frequencies. Also, material fit within the impedance

tube and methods for holding the material in place were found to be important elements in
obtaining good data.

The above described acoustic and fluid retention testing led to the conclusion that all of the

materials showed good acoustic attenuation properties for nacelle application, but the fluid

absorption affinity is a major problem. The fiberglass and carbon fiber materials showed good

results for water wicking and perhaps a fiber coating could be found to reduce hydrocarbon

wicking. The manufacturer of the carbon fiber material, Osaka Gas, has been asked to

investigate methods to reduce hydrocarbon wicking.

Osaka Gas has been responsive to helping develop nacelle application capability for their

material to date. They recently experimented with methods for inserting the carbon fiber

material into honeycomb core and returned samples to Boeing which are planned to be used for

normal incidence impedance testing, with a full panel impedance meter now under development.

3.3.4 Linear Liners

Linear liners refer to liners with resistance elements whose resistance shows a small dependence

on the SPL level of the sound incident on them. Fiber metal mesh and woven wire, usually

overlaid on perforate plate for face sheets and without perforated plate for septa, are commonly

used examples of linear materials. These materials usually have the additional properties of

being insensitive to grazing flow variations and having mass reactances significantly lower than
for perforates. The smaller mass reactance results in increased attenuation bandwidth. The
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insensitivityto SPLandMachnumbervariationsmakesit possibleto maintainliner impedance
closerto desiredvaluesoverthe length of the liner while the sound levels are changing due to

attenuation and the Mach numbers are changing due to duct cross sectional area changes. Also,

increases in engine power setting result in SPL and Mach number increases. For the fan duct,

uniform lining optimum impedances do not change with engine power setting, giving linear

liners an advantage. For the inlet, the small increase in resistance which occurs with woven wire

linear materials when SPL changes very nearly matches the increase in uniform lining optimum

resistance as engine power is increased. While the woven wire and felted metal materials offer

very good acoustic characteristics, problems with in-service maintainability has resulted in a

strong resistance to their use. Non-Boeing manufactured nacelles and engine treatment sections

have commonly utilized these materials in a single layer liner application but it is becoming

increasingly common to see there use discontinued as repair becomes necessary. For these

reasons, effort is being made to find alternative linear materials which can meet the

multi--discipline requirements of noise, structures, maintenance, etc.

3.3.4.1 Slot Linear Liners

Under an AST subcontract to Boeing, Hersh Acoustical Engineering (HAE) developed an

impedance data base for slotted perforates incorporating both normal incidence and grazing flow

impedance data measured at NASA Langley. While there were some difficulties with the data,
HAE concluded that the data was consistent with their in-house testing, showing good linearity

and low sensitivity to grazing flow. Hersh also manufactured two test liners for grazing flow

testing at the Boeing Wichita grazing flow test facility. Testing has been completed with the
0.002 in. width slot liner for the frequency range 1 to 6 kHz, SPL range of approximately 130 to

150 dB and grazing flow Mach number range of 0 to 0.50. Unfortunately there appears to be

problems with the data. The 0.004 in. slot width liner was damaged in shipment and was not
tested.

HAE consulted with Boeing nacelle structural design and manufacturing personnel with the

objective of defining a method of manufacturing slotted perforates which meets nacelle

structural and manufacturing requirements. HAE proposed a concept which, after preliminary

study, was judged to only be suitable for non-load carrying designs and would be significantly
heavier than current liners.

HAE has developed preliminary computer impedance models for both slotted and circular

perforates under the AST contract. The circular perforate impedance models are for single
orifices with thickness to hole diameter ratios of the order of 1. HAE reports on the orifice and

slot impedance measurement and impedance modeling are contained as Appendices A1 and A2.

3.3.4.2 Micro--perforate Linear Liners

It is well known that as the airflow passages of the resistance element of the acoustic liner get

smaller, the material gets more linear due to the increased importance of viscous losses

compared to inertial losses. For this reason, it was decided to obtain data to quantify the

relationship of small perforate geometry to acoustic impedance. Most of the data available was

for perforates with hole diameters in the range of 0.050 in. whereas hole sizes of the order of

.001 in. were believed to be necessary for linearity similar to woven wire materials. HAE

therefore was given a subcontract to investigate the impedance properties of micro-perforate

materials. The objectives of this work were:
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1. Measuretheacousticimpedancepropertiesof micro-diameterperforates
with andwithoutgrazingflow.

2. Developa semi-empiricalmodelfor predictingtheacousticimpedanceof
micro-diameterperforates.

3. Comparetheacousticpropertiesof micro-diameterperforateswith
currentlyusedperforatessuchaspunchedaluminum,wovenwire and
laserdrilled thermoplastic.

4. Determinetheadvantagesanddisadvantagesof usingmicro-diameter
perforatesfor nacelleacousticlining applicationsin placeof current
perforates.

HAE constructedresonatorswith facesheetorificeholediametersrangingfrom .079in. downto
approximately.004in. for acousticimpedancetestingin theHAlEwindtunnel. A brief
descriptionof theHAE SubsonicWindTunnelfacility is containedin AppendixA2. Table3
lists thegeometryof the laserdrilled micro-diameterresonatorsfor which impedancedatawas
measuredby HALE.Theschematicbelowdefinestheparameterslistedin thetable.

_T

Dcav

gcav

Table 3: Summary Of Micro-Diameter Resonator Geometry

N,#of
holes

4

dorifice

(inches)

0.079

0.0380

0.0385

0.0373

S

(inches)

0.06

0.08

0.10

S/dorifice

1.58

2.08

2.68

Open
area ra-
tio

0.0343

0.0379

0.0389

0.0364

Dcav

(inches)

0.3906

0.3906

0.3906

0.3906

Lcav

(inches)

4.0

4.0

4.0

4.0

T

(inches)

0.040

0.040

0.040

0.040

]T/dorifice

0.506

1.053

1.039

1.072
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16 0.0210 0.03 1.43 0.0461 0.3906 4.0 0.040 1.905

0.0213 0.04 1.88 0.0476 0.3906 4.0 0.040 1.878

0.0213 0.05 2.34 0.0478 0.3906 4.0 0.040 1.878

100 0.0063 0.012 1.91 0.0258 0.3906 4.0 0.040 6.349

!0.0061 0.013 2.64 0.0240 0.3906 4.0 0.040 6.557

0.0063 0.020 3.18 10.0259 0.3906 4.0 0.040 6.349

400 0.0035 0.008 2.32 0.0314 0.3906 4.0 0.040 11.429
0.0031 0.010 3.21 0.0255 0.3906 4.0 0.040 12.903

Normalizedacousticresistancedatafor theresonatorsis shownin Figure22showingthe
dependenceonsoundpressureandgrazingflow velocity. It is clearlyseenthat,astheorifice
diameterdecreases,theresonatorsbecomelesssensitiveto bothof theseparameters.Figure23
showstheeffectof grazingflow on thenormalizedacousticmassreactanceof theorifice system.
At agrazingflow velocityof 77m/s (M=0.23),thesmallestorifice tested(approx.0.004in.)
only reducesthemassreactanceby a smallamount.Unfortunately,thefrequencylimit of the
HAE facility doesnot permitdatato betakenabove1kHz wherethemassreactancefor
perforatescangetvery large. Reactancedatais only shownfor oneSPLlevelsincereactance
did notvary stronglywith SPL.

HAE hasconstructedapreliminary,semi-empiricalimpedancemodelfor largeT/dorifice
perforatesbasedon thedatacollectedin this effort. Thiswork iscontainedin AppendixA3.
Closeexaminationof thetestedorifice shapesunderamicroscoperevealedthatthehole shapes
weresomewhatirregular.HAE is thereforeplanningto makenewsamplesusingmachine
drilled perforatesin thick face-sheetsto providethesamerangeof T/dorificetestedabove.A
databasewill begeneratedincludingtheeffectsof T/dorifice, S/dorifice, SPL, frequency, grazing
flow velocity and boundary layer thickness.

Figure 24 compares the above measured resistance data from the dorifice=.0035 in. sample with

estimates of the resistance properties of currently used liner resistance materials. These include

punched perforates with dorifice and T approximately equal to .040 in., Boeing laser drilled

septum material and woven wire overlaid over perforate plate. These materials were all chosen

so as to have a normalized resistance of approximately 2Oc at SPL=135dB and grazing flow

velocity of 70 rn/s (the grazing flow velocity is 0 for the laser drilled septum). It is seen that the

micro-Miameter material behaved very similarly to the woven wire material showing much

smaller dependence on SPL and grazing flow compared to the laser drilled septum and punched

perforate used by Boeing today. A similar comparison is shown in Figure 25 for the mass

reactance. Although data was measured for only a very limited frequency range, it appears that

the micro-Miameter material has less mass reactance than the punched perforate, but it is not as

good as the woven wire material. The attenuation consequence of this will require higher

frequency data but it probably would result in a lower attenuation bandwidth than that possible
with the woven wire material.
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4. Adaptive Acoustic Liners

4.1 Introduction

Two "adaptive" acoustic liner concepts were chosen for investigation. The first is a concept,

discussed by P. Dean in 1976 (Ref. 7), uses a steady bias flow through the liner resistive

elements to control the acoustic resistance. The second concept uses heating to increase the liner

temperature which reduces the acoustic resistance by changing the local density. Both concepts

are expected to change the acoustic reactance of the liners as well. The approach used to study

the application of these concepts for nacelle acoustic liners was to study their effect on acoustic

impedance with the Boeing lumped element liner impedance computer program (YMOD). This

program uses a transmission line electrical analogy with lumped elements representing the

elements of an acoustic liner. Existing semi-empirical models for perforated sheet and cavities

with temperature dependence were used for the temperature variation calculations. The bias

flow calculations were done using the Hersh orifice impedance model in Ref. 8 and Ref. 9 with

the modifications suggested by Dean in Ref. 7. Using these element impedance models, liner

impedance studies were conducted to define liners to be tested in the Boeing grazing flow

impedance testing facility.

4.2 Bias Flow Adaptive Liner Design

Figure 26 shows the designs of the two adaptive liners manufactured for grazing flow impedance

testing. The design objective for the bias flow liner was to have a double layer lining with a

nonlinear perforate face sheet and septum which would have good impedance properties for a

fan duct application when the local sound levels are high (as for takeoff), and use bias flow to

maintain good fan duct impedance properties when the local sound levels are low (as for

landing). Figure 27 shows the predicted behavior of the grazing flow test bias flow liner design

as bias flow is increased at the landing condition local sound level condition (OASPL at lining

approximately 130 dB, grazing flow M=0.3). At the time of this writing the test liner has been

fabricated and tested in the Wichita grazing flow impedance measurement facility but the data

has not been analyzed. The maximum mean Mach number attainable for this test data was
0.004.

Two significant effects of a bias flow mean Mach number of 0.002 are predicted for the test liner

as shown in Figure 28. They are the removal of the strong anti-resonance around 2 kHz. and the

increased resistance in the higher frequencies. Unfortunately, an error has been recently found in

the perforate impedance model constructed from the above Refs. 8 and 9. The error involved

using the bias flow velocity to modify the orifice unsteady velocity as well as including an

additive resistance term proportional to the bias flow Mach number as recommended by Dean.

When this error was corrected the anti-resonance at 2 kHz. does not disappear with bias flow.

This prediction implies that the bias flow liner design chosen for testing will not fulfill the

design objective.

Ingard and Ising (Ref. 10) recommend a resistance bias flow Mach number dependence similar

to Dean for low SPLs but appear to conclude that bias flow will not strongly affect orifice

resistance at high SPL. If this is the case the concept may not be applicable to aero-engine

nacelles since the SPL's even at landing within the nacelle are of the order of 140 dB. It is

hoped that the test data will give some insight into the SPL dependence.
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4.3 High Temperature Adaptive Liner Design

The high temperature liner design objective was to design a double layer lining with nonlinear

perforate face sheet and septum which would have good fan duct impedance properties when the

local sound levels were low and use heating to maintain good fan duct impedance properties

when the local sound levels are high. Figure 29 shows the predicted behavior of the high

temperature liner at takeoff for an assumed fan duct lining application. Note that this liner

design is the same as the double layer liner tested in the passive liner program described above

(Figure 11).

This liner was designed for a fan duct application at the airplane landing condition. At takeoff

engine power, the liner is predicted to have a relatively high resistance due to a combination of

the high grazing flow speed and duct OASPL. The strongest predicted effect of increased

temperature within the lining appears to be a decreased resistance. In the non-linear region

Ingard (Ref. 10) shows that the resistance of an orifice goes as QVorifice. Therefore, the reduction

in density associated with an increased temperature should reduce the resistance. This analysis

assumes that the liner temperature jumps discontinuously from the duct temperature. In reality

this is not the case. In fact the grazing flow will act to cool the liner face sheet relative to the

internal elements resulting in a relatively strong temperature gradient. Test data was measured in

the Boeing Wichita grazing flow impedance with lining core temperatures to approximately 250

°F. This data has not yet been fully analyzed yet.
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1 ADP Model Fan Acoustic Liner Design

In 1994 Boeing had recently completed a trade study ascertaining the value of advanced lining
concepts for a broad-band spectra under a NASA/FAA contract. At this time PW and NASA

decided to design, build, and test linings for the 22" Advanced Ducted Propulsor (ADP) fan rig

to be tested at NASA LeRC. It was decided to have Boeing join the lining design/build team to

offer expertise in the development of advanced lining concepts drawing on the earlier

NASA/FAA study. Also, Boeing was asked to help determine the suitability of the ADP for a

product including defining thrust and airplane performance for noise evaluation.

It was thought that the ADP engine would benefit from advanced (broadband) linings because it

is a wide--chord fan engine with reduced tip speeds. This moves the BPF and harmonics down

in frequency while the higher rotor/stator spacing and higher stator to rotor numbers help reduce

the tone levels. The broadband noise still persists at higher frequencies and creates a situation

where a broadband lining is required to attenuate both the tones and the higher frequency
broadband noise.

The 22" ADP fan rig aft fan lining design was a joint effort with Boeing, Pratt and Whitney

(P&W), Rohr, NASA LeRC, and NASA LaRC participating. Boeing had primary responsibility

for the aft fan lining design with P&W providing consultation, Rohr had manufacturing

responsibility, NASA LeRC provided the induct and far-field acoustic data for the design, and

NASA LaRC provided overall program guidance and scheduling. The objective of the design

was to demonstrate at least a 25% lining attenuations improvement relative to the previously

tested "baseline" single layer linear design built by DEI and tested in 1995.

This report covers the design of the aft duct (fan--duct) liner for the 22" ADP fan rig. Each step

of the process that was used to develop the final designs is described.

5.1 Aft Liner Depth Constraints

Initial depth constraints were defined by Pratt and Whitney and are shown in Table 4. Figure 30

shows the location of each liner segment. The lining segments C-H are in the aft duct.

Table 4: Preliminary 22" Fan Rig Lining Depth Constraints

]Tag

A

B

C

D

E

Liner Segment Max. Depth (in)

Name Model

Inlet 0.70

Aft OD Fan Case 0.60

Aft OD Aft Nacelle 0.60

Aft OD Forward Nozzle 0.50

Aft OD Aft Nozzle 0.38(0.20)

Full Scale

4.14

3.55

3.55

2.95

2.26(1.18)

F Aft ID Aft Cowl 0.38 2.26

G Aft ID Mid Cowl 0.75 4.43

H Aft ID Aft Cowl 0.38(0.20) 2.26(1.18)

(x.xx) depth at minimum point - liner requires taper
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Thedepthconstraintsfor theaft ductbasicallyfall into twocategories:relativelythick
constraintslike SegmentsC, D, andGandthin constraintslike SegmentsE,F, andH. Also, the
thick lining depthconstraintsaregenerallyoppositeathin lining depthconstraint.This is
importantbecauseit suggestedthesimplifying assumptionof usinglining with onedepthonone
sideandandanotherlining withadifferentdepthon theothersideof arectangularductmodel
whenusingtheBoeingrectangularductpropagationcomputercodefor designingthemodel
ADP fan ductlinings.

After Rohr publishedthepreliminaryassemblydrawingsin earlyNovember1996,it wasnoticed
thatthethin doublelayerliner designwastoothick to fit into SectionsE, F,andH at all places.
In thesesectionsthedrawingsshowedtheliningstaperedin placesby reducingthehoneycomb
coredepthundertheseptumsothatthe lining would fit into thecavity.

Boeingdecidedto re-optimizethe double layer lining design with a more severe lining depth
constraint. This was done because we ultimately wanted to compare our predictions, based on

the design impedance, to the measured data. The preliminary designs required enough liner area

to be tapered that a significant proportion of the lining area would have a different impedance

affected by the depth constraint and the the predictions would not be valid. Discussions between

Rohr and Boeing led to an updated maximum lining depth constraint of 0.285 inches compared

to the 0.380 inches used initially. This minimized the lining area that was tapered to

approximately 10% and only affected the double layer lining design. The single layer optimum

designs could fit within the reduced depth constraint. The new, thinner lining constraint lowered

the double layer sum PNLT attenuation (defined in section 5.4) by 0.6 dB from the value we

had calculated with the older constraint.

5.2 Target ADP 22" Fan Rig I-Iardwall Fan Aft Fan Noise

Spectra

A liner design is dependent on duct and lining geometry, modal assumptions, and far-field

hardwalled spectra. In the 22" Fan Rig aft liner design, two different sets of far-field

hardwalled spectra were used. The first set of spectra used were generated from the full-scale

ADP Demo Engine data and were used to generate a preliminary liner design. Meanwhile, some

preliminary hardwalled spectral data was taken with the 22" ADP Fan Rig with the composite
blades. This data set was used to generate new target hardwall spectra which were used later in

the program to refine the liner designs.

The metric used in certifying airplanes to the FAR 36 flight conditions is Effective Perceived

Noise Level (EPNL), which is a time weighted sum of the tone corrected Perceived Noise Level

(PNLT) calculated at 0.5 sec intervals as the airplane flies by the measurement point. Aft fan

noise levels are important for all three of the FAR 36 flight conditions of approach, cutback, and
sideline. Therefore, it was decided to evaluate a given lining design at all three conditions.

Since the EPNL metric is essentially the integration of the PNLT metric over time, we decided to

choose hardwall design spectra representative of the peak PNLT levels. Examination of the

PNLT versus emission angle showed that the peak PNLT for aft fan noise occurs near a 120

degree emission angle for all three FAR conditions; however, the tones in these spectra changed

dramatically from angle to angle. It was decided to average two angles near 120 degrees to

average out the tone level changes. A description of how each of the two sets of hardwalled

design spectra were obtained follow in the next two sections.
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5.2.1 ADP Demo Hardwalled Aft Fan Spectra

The first set of hardwall design spectra were generated from full scale ADP Demo data

measured in 1992. This data set was for different geometry and Mach number than the FAR 36

operating conditions defined for the chosen design airplane which was a Boeing stretch 747.

The ADP Demo Engine had a 110" fan which was different than the 130" fan required for a

stretch Boeing 747. Also, operating conditions (Mach similitude) did not directly correspond to

the conditions needed for the stretch 747 engine, particularly for the approach condition. Pratt

and Whitney corrected the data to proper operating conditions before sending it to Boeing.

The ADP Demo Engine was not tested in a "hardwalled" configuration. Boeing therefore

predicted the fan duct liner attenuation for the ADP Demo Engine and added it back to the

scaled and extrapolated noise levels. This process, although crude, produced the best data set
available at the time.

The ADP Demo Engine's aft lining definition used for the attenuation predictions is given in
Table 5.

Table 5: Definition of the ADP Demo Aft Liner

Resistance at V=105 cm/s, R105 60 cgs Rayls

NonLinearity Factor, NLF 1.60

Lining Depth, D 5.08 cm or 2 in.

2.3Length to Height, L/H (includes aft fan case lining)

Crossover Frequency, fc 30,000 Hz.

BL Momentum Thickness, O 0.3 cm.

The L/H used for the fan duct included the lining in the interstage area. The attenuations added

back to the treated spectra included the effect of the interstage lining. Later in the program, it

was decided that the interstage would be handled separately from the aft fan lining. Therefore,

the levels used to define the hardwall spectra for the ADP were slightly too high in that they

added the attenuations in the interstage area. This difference, although small, was not accounted

for.

Figure 31 shows that the far-field, Noy weighted SPLs vary from angle to angle; this is

especially true of tones. It was therefore decided to average the 110 and 120 degree spectra to

generate a lining design target hardwall spectrum that would not over or under emphasize tones.

Figure 32 shows the hardwall design spectrum shapes obtained from the ADP Demo Engine data
in this manner.

5.2.2 22" ADP Fan Rig Hardwalled Spectra

There was concern about the validity of the ADP Demo Engine data to predict the 22" ADP Fan

Rig hardwall spectra. During a 1995 workshop held at NASA Langley, some preliminary 22"

ADP Fan Rig hardwalled data was shown. It was decided during this workshop that the

preliminary hardwall data from the 22" ADP Fan Rig would be used to redefine the design

hardwalled spectra. Clearly a better definition of the hardwalled design spectra should improve

the liner design.

Pratt and Whitney, working with NASA Lewis, produced the hardwall data at the FAR 36 flight

conditions. Some interpolation was necessary to produce these data.
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Figure33showstheapproach,cutback,andsideline conditions, respectfully, at the 110, 120, and

130 degree angles. Note that there are some large variations between the spectra particularly at

BPF harmonics. Again the process of averaging the 110 and 120 degree angles was used to

minimize these fluctuations to produce the hardwall design spectra shown in Figure 34.

5.3 Liner Design Points for the Aft Fan

The aft liner design points were chosen by considering the contribution of the aft fan noise

component at each of the FAR 36 conditions (approach, cutback, and sideline). It is known that

the cutback condition is aft fan noise dominated. Typically, aft duct liners are designed for

cutback condition at Boeing.

The sideline condition, typically dominated by jet noise for lower BPR engines, is dominated by

aft fan noise for the ADP because the jet noise levels are very low due to the low jet velocities

associated with the ADP engine configuration. Therefore, a lining design for an ADP engine
should address the sideline condition.

The approach condition was more of a surprise. Upon examination of the approach condition

for the ADP engine one notes that the contribution of aft radiated fan noise is nearly as

significant as the inlet radiated fan noise. For these reasons, we chose a combination of the

attenuations at the approach, cutback, and the sideline conditions for the design metric. More

specifically, we chose:
ap, cb, sl

J = Z PNLT Attenuation i
i

where J is the cost function which we want to maximize for the best design and is defined as the

sum of the PNLT attenuations of the target spectra at the approach, cutback, and sideline
conditions.

A better cost function could be developed that considered the masking of aft fan noise by other

components, but was not used here. A good definition of the other full-scale engine components

was not available for this design.

Typically in-duct SPLs need to be considered during a liner design for each operating condition.

In-duct SPLs affect liner impedances by changing the particle velocity through the resistive

layers. In this application, however, the impedance of the resistive layers used was only slightly

sensitive to SPL. This is best shown by pointing out that the non-linearity factors (NLF) for the

materials considered were between 1.2 and 1.4. The nonlinearity factor is defined as the ratio

of the resistance at 200 cm/s divided by the resistance at 20 cm/s. Values below 1.4 show the

material to basically be linear. Perforate liners, on the other hand, have effective NLFs of
10-15.

5.4 Source Noise Modal Energy Assumptions

The modal energy assumption affects both the optimum lining design impedance and the

maximum lining attenuation. For this lining design, a modal energy distribution believed to be

appropriate for random broad-band noise was used. This assumption is nearly an equal energy

modal assumption where the propagating energy of each cut-on mode is identical. The Boeing

assumption and an equal energy assumption are the same except near cutoff. The Boeing

assumption forces lower energies near cutoff whereas the equal energy assumption would force
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extremelyhigh SPLsfor modesnearcut--offbecausetheenergytransportratedowntheduct is
verysmall for modesnearcut-off. ThedifferencebetweentheBoeingassumptionandtheequal
energyassumptionprobablydoesnothaveasignificanteffectontheresultinglining design
sincethemodesnearcut--offattenuaterapidlydowntheductevenif the lining designis not
optimumfor thesemodes. TheenergyassumptionusedbyBoeingis:

I p2 = constant for
dS each mode

S

or the integral of the pressure squared over the cross sectional area is constant for each mode.

At the beginning of this program it was anticipated that measurements of the modal energy

distributions for the model ADP aft fan noise would be available for use for the lining design.

Unfortunately NASA Lewis had problems with the fan duct modal measurement process and

were not able to develop this information. As a result, there is no experimental verification of

the Boeing modal distribution assumption.

It is believed that the use of a broad-band energy assumption should work well for the ADP.

The larger diameter and reduced tip speeds create a situation where the rotor stator interaction

generated BPF is always cutoff and at a lower frequency than conventional engines. The rotor

stator interaction will cut-on the 2 BPF; however, the 2 BPF still does not dominate the far-field

spectrum as can be seen by the Noy weighted design spectra in Figure 34.

The Boeing lining design and attenuation prediction processes used in this exercise use an

empirical procedure to radiate noise to the far-field. Although some work was done to create a

process to radiate energy based on the work of Rice (Ref. 12), time constraints forced us to use

the older, established radiation process. This lining design maximized the PNLT attenuation of

the input spectra using the power attenuations at each frequency within an infinite duct. A

process that radiates each mode to the far-field and evaluates the attenuation at each angle

should perform better and allow the use of hardwalled data at each angle.

5.5 Optimum Liner Impedance for the Aft Fan

The optimum liner impedances were determined using Boeing's Multi-Element Lining

Optimization (MELO) program. The MELO program is an infinite duct, modal attenuation

code. Given a rectangular, circular, or an annular duct geometry, the program calculates the duct

eigenvalues which are directly related to the attenuation per unit duct length of a given mode.

Multiplication by the lining length and summing over all the cut-on modes results in the

attenuation for a given frequency.

As an infinite duct program, MELO does not consider changes in impedance down the duct.

MELO does have the ability to handle a mean flow velocity in the duct with a boundary layer

profile. Built around the modal attenuation prediction capability is an optimizer capable of

changing the lining impedance to maximize the resulting attenuation. In this manner, an

optimum, axially uniform impedance versus frequency can be determined.

The representation of the ADP fan duct lining with MELO is shown in Figure 35. A two

dimensional, rectangular duct is assumed with the height of the duct chosen as the average

height of the fan duct in the lined region. The lining length input into the MELO program was

obtained by measuring the total duct lining length. No credit was taken for lining outside the

nozzle exit plane. Different linings were allowed on the two sides of the duct to model the two

lining depth constraints for this design. From Figure 30 we see that for the most part a thick
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lining depthconstraintis acrossfrom athin lining depthconstraint.Althoughthedepth
constraintsswapgoingdowntheduct(thethick andthin constraintsswitchsides)wemodelled
thegeometryby leavingthegeometryoneachsidethesamedowntheduct. Thismaybea
conservativeassumptionbecausenocreditis takenfor modalscatteringatthe impedance
discontinuities.

Theoptimumuniform impedanceversusfrequencyplot producedwith MELO is shownin
Figure36. Only onecurveis shownrepresentingtheapproach,cutback,andsidelineconditions.
Unlike theshorterinlet, theoptimumimpedanceof thefan ductchangesvery little with
operatingcondition. Figure37showsthepredictedoptimumimpedanceatseveralfan speeds
(ductMachnumbers)initially predictedin theprogram.

In determiningtheoptimum,axiallyuniformimpedancefor thisADP lining design,the
following assumptionsweremade:

1. Assumedatwo dimensionalrectangularductwith differentliningson
eachside

2. Assumedalinearboundarylayerprofilewith momentumthicknessof 0.3
cm.

3. Assumed all possible cut--on modes with a modal energies as discussed in
Section 3.5.2

The two dimensional rectangular duct was chosen instead of the annular duct because the

eigenvalues could be calculated much faster and without having eigenvalue failures. The

optimum impedance did not change appreciable by using a rectangular instead of an annular

representation of the fan duct as can be seen in Figure 38. Notice that the rectangular and

annular duct solutions for optimum impedance are almost identical. This probably because the

optimum impedance is controlled mainly by the lowest order modes. Note that for frequencies

greater than 3150 Hz that there are no solutions shown for the annular duct. This is due to

eigenvalue failures of the MELO program.

The MELO program allows a boundary layer profile to be specified. The effect of the boundary

layer on optimum impedance is primarily at the higher frequencies where it increases the

reactance and resistance. Figure 39 shows a comparison of the predicted optimum impedance

with and without a 0.3 cm thick boundary layer momentum thickness. The boundary layer

velocity gradient will tend to bend waves toward the lining for wave propagation in the same

direction as the flow, increasing the incidence angle. It is expected that this would increase the

optimum reactance (toward zero) but decrease the optimum resistance. The reasons why the

boundary layer drove the optimum resistance higher and the optimum reactance to positive

values at high frequencies were not investigated.

5.6 Design Methodologies for the Aft Duct

The process used to determine the aft fan duct liner is graphically shown in Figure 40. A

description of each block follows.

5.6.1 Optimize Lining Parameters to Match Admittance

The lining's admittance (1/impedance) is matched to ideal admittance calculated with MELO

(see Section 5.6) using Boeing's YMATCH program. The YMATCH program uses the lining

parameters and constraints, target admittance, and frequency weightings to solve a least squares

optimization problem resulting in a lining which minimizes
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Table6:

# B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37 B38

1 1 1 3 3 3 3 3 3 3 3 1 1
2 0 1 1 1 1 1 1 0 0 0 0 0

3 0 1 2 1 1 1 1 0 0 0 0 0

4 0 0 0 0 1 1 1 1 1 1 0 0
5 0 1 2 1 0 0 0 0 0 0 0 0

6 0 0 0 0 1 1 1 0 0 0 0 0

_[-Weight(f)(Y(f)Target-Y(f)Trial)2]

Thelining parametersdefinetheindependentanddependentvariablesin theoptimization
problem. For theADP lining studythesevariableswerethedepthof thecavitiesandthe
resistancesof theresistivelayers.Additionally,constraintscanbeseton theproblem. One
exampleof aconstraintwouldbeamaximumdepthconstraintsotheoutput linercouldfit in the
cavity. Thetargetadmittance/impedancespectrausedfor thisdesignwastheoptimum
impedancedefinedbyMELO.

Thefrequencyweightingsaremultipliedby thesquaredifferencesbetweenthetargetadmittance
andthecalculatedadmittance.In thisway,onecanhighlight importantfrequencyregionswhere
theliner andtargetadmittancesshouldbeclose. Thesix setsof frequencyweightingsusedin
the22" ADP fanrig lining designoptimizationareshowninTable6.

FrequencyWeightingsUsedfor YMATCH by BandNumber

Theweightingsareshownasafunctionof one-thirdoctavebandnumber.Band27would
representa 500Hz centerfrequencyandBand38 representsa 6300Hz centerfrequency.Note
Weighting#1hascoefficientsover12one-thirdoctavebandsor 4 octaves.ResultingYMATCH
designswith thisweightingsetproducedlinerswith impedancespectrathat matchedthe
optimumimpedanceatbandsB30 to B35,butcouldnot matchthetargetoutsidethese
frequencies.Examinationof theoutputsfrom YMATCH showthatsinglelayerlinings can
matchthetargetimpedanceoveroneoctaveanddoublelayerliningscanmatchatarget
impedanceovertwo octaves.

YMATCH exhibitssomestartingpointdependencefor theoutputlining. To assurethe"best"
solutionis found,multiplestartingpointsareusedandthelining is chosenthat"best" matches
theadmittancetarget.This is accomplishedby aglobaloptionthatexistswithin theYMATCH
program.

Theliners thatareoutputfromtheYMATCH optimizationarenextevaluatedusinganoise
metric. Specifically,the lining definitionsandhardwallspectraareinput into MELO. MELO
thencalculatesthepredictedPNLTattenuationsthateachlining wouldproduceassumingthat
the lining is oneachsideof theductusinggeometryof Figure35. Thesedatawereusedto
evaluatewhichuniform liningsperformbest.

It shouldbementionedthatthereis a"factor" appliedto thecalculatedattenuationswithin
MELO. This"factor" is anempiricalcorrectionof theMELO predictedattenuationsto match
full-scalemeasuredlining attenuationdata.Theaccepted"factors"usedat Boeingare1.0,0.8,
0.6for the approach,cutback,andsidelineconditionsrespectfully.Thefactorswereappliedto
all theMELO ductattenuationpredictionsmadein thisdesignstudy.
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5.6.2 Optimize PNLT Attenuations (both sides the same)

The next step in the lining design process (the second bubble in Figure 40) was to use MELO to

optimize the lining using PNLT attenuation as the cost function. The reason that the YMATCH

process was done first is it provided a good starting point for this optimization problem.

Like the YMATCH process, sometimes local maxima instead of global maxima are found in the

MELO optimization. Using YMATCH helped minimize, but not completely eliminate, this

problem. A global optimization using many starting points was not done in MELO because it

would take much too long. Just one optimization takes about 30 minutes. If we used 50

different starting points to make sure we obtained a global optimum, it would take 25 hours.

This process was run with both double and single layer linings, two lining depth constraints,

three far-field hardwalled spectra, and three in-duct spectra. Twelve different optimum linings

were defined in this process (two lining types times two depth constraints times the three

operating conditions and their associated spectra).

5.6.3 Optimize PNLT Attenuations (allow two sides to be different)

In this part of the lining design process the lining was allowed to be different on each side. One

side was given a thick total lining depth constraint and the other a thin depth constraint. The

lining starting points were the best linings as determined the last step in the process (Optimize
PNLT attenuations - both sides the same).

The output from this process was a lining definition for each of the FAR 36 flight conditions

(approach, cutback, and sideline) for both single and double layer linings.

5.6.4 Calculate the Cross--Performance

The final step in determining the best lining was to determine the cross-performance. For each

of the linings generated from the last step, the attenuations at the other two operating conditions
was determined. Then the PNLT attenuations were summed for each lining over the three

operating conditions. The best single and double layer linings were chosen as the linings that

gave the highest sum PNLT attenuations.

5.7 Predicted Liner Attenuations for the Aft Fan

The final linings and sum PNLT attenuations at approach, cutback, and sideline are shown in

Tables 7 and 8.

Table 7: Single Layer/Single Layer Final Designs

Side Rfs Dfs (full scale) Z Atten

(cgs Rayls) (cm) (PNLT)

1 70.6 2.11 13.5

2 68.0 4.64

Table 8:

Side Rfs

(cgs Rayls)

49.8

12.9

Double Layer/Double Layer Final Designs

Dfs (full scale) R sep Dsep (full

(cm) (cgs Rayls) scale) (cm)

1.40 88.2 2.72

2.10 53.1 3.87

Atten

(PNLT)

16.6
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NOTE:

Rfs -Resistance of face sheet in cgs Rayls at V=105 crn/s

Dfs - Core depth of upper cavity in cm at full scale (scale factor=5.91)

Rsep - Resistance of the septum in cgs Rayls at V=105 cm/s

Dsep - Core depth of upper cavity in cm at full scale

Atten - X PNLT Attenuations at approach, cutback, and sideline

The one-third octave band attenuations versus frequency are shown in Figure 41 for the cutback

conditions. Recall the cutback condition has a "factor" of 0.8 multiplied by the attenuations

within MELO. There are four lines on the plot representing the optimum (at optimum

impedance), the double layer, the single layer, and the baseline single layer lining attenuations.
L

The baseline liner was a DEI built lining that was scaled from the ADP Demo Engine Test.

Examination of the attenuation plot shows that the DEI liner is tuned near 1000 Hz and its

attenuation falls off rapidly with increasing frequency. This lining looks like it was tuned to

lower the 2BPF tones. Recalling Figure 33 we see that the frequencies above 2BPF have NOY

values equal to or greater than the 2BPF band. Therefore, the lining should be tuned at higher

frequencies to equally attenuate them while attenuating 2BPE

The single layer design attenuation spectrum resulting from this study is centered around 1600

Hz and has a broader bandwidth than the Baseline design. Notice the baseline liner attenuation

spectrum is much more peaked that the optimized single layer design. The broader bandwidth

was accomplished by having different depth liners on each side of the duct as well as tuning the

lining to a higher frequency. Figure 42 shows the impedances for the liners on each side. Side

1, the thinner, matched the optimum resistance and reactance in the 1600-2000 Hz range and

side 2 matches the optimum reactance near 1000 Hz. Generally attenuation fails off rapidly as

the resistance falls below the optimum and fairly slowly as the resistance goes above the

optimum. The fall off of attenuation as the reactance deviates from the optimum value is more

symmetrical with a slope between that for increasing and decreasing resistance. Of note is the

small variation of the liner impedances with engine power condition because of the linearity of

the face sheet.

The double layer design showed the best overall attenuation and has the broadest bandwidth as

expected. MELO predicted at 3.3 dB attenuation improvement summed over the approach,

cutback, and sideline conditions relative to the optimized single layer design. The impedance

plots, shown in Figure 43, show how the two lining impedances of each side match the optimum

impedance. Side 1, the thinner side, nearly matches the optimum reactance in the 1200--4000 Hz

range. Side 2 matches the optimum resistance and reactance at 900 Hertz and is pretty close for

resistance and reactance from 1000-2500 Hertz. This is consistent with the attenuation plot

which showed the double layer liner performing well from 800--4000 Hertz. Again the linearity

of the face sheets and septa result is small changes of the impedances with engine power
condition.

5.8 Conclusions

The double layer design showed the best overall attenuation and had the broadest bandwidth as

expected. A 3.3 dB attenuation improvement summed over the approach, cutback, and sideline

conditions relative to the optimized single layer design was predicted. Using different designs

on opposite walls within the duct improved the predicted attenuation bandwidth. This is

consistent with the attenuation plots which showed the double layer liners performing well from

800-4000 Hz and the single layer liners performing well from 1000 Hz-2500 Hz.
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Unlike theshorterinlet, theoptimumimpedanceof thefan ductchangesvery little with
operatingcondition. It is believedthatthereasonthatthereis suchasmallchangeis thatthe
optimumimpedanceis primarily controlledby thelowestordermodesdueto thelargelengthto
heightof theduct,L/H.

Theeffectof theboundarylayeronoptimumimpedanceisprimarily atthehigherfrequencies
whereit reducesthereactanceandincreasestheresistanceslightly. Onepossibleexplanationof
thehigh frequencybehaviorhasbeensuggested.Theboundarylayervelocitygradienttendsto
bendwavestowardthelining increasingtheincidenceangleandthusincreasingthereactance
(towardzero). However,this shouldreducetheoptimumresistancewhich is oppositeto theduct
propagationcodecalculation. Thereasonfor thisbehavioris notunderstood.

Theuseof a randombroad-bandenergyassumptionisbelievedappropriatefor theADP. The
largerdiameterandreducedtip speedscreateasituationwheretherotorstatorinteractionBPF is
alwayscutoff andat a lower frequencythanconventionalengines.Therotorstatorinteraction
will cut-on the2BPF,however,the2BPFstill doesnotdominatethefar-field spectrumascan
beseenby theNoy weighteddesignspectra.

Examinationof theoutputsfrom theimpedancedesignstudywith YMATCH showthatsingle
layerlinings canmatchthetargetimpedanceoveroneoctaveanddoublelayerlinings canmatch
atargetimpedanceover two octaves.

The design process of using an impedance optimization to various frequency weightings

followed by an attenuation evaluation to determine a preliminary design and using this

preliminary design as a starting point for the attenuation optimization seemed to work well. At

Boeing we have had problems with optimizers with liner design to an attenuation cost function.

Common optimization problems with local minima and constraints are made more severe by the

large number of parameters being optimized. The pre-optimization of the impedance to the

target impedance seemed to improve the reliability of the final attenuation cost function

optimization.
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Q Evaluation of Broadband Liners for a Med-Sized

Twin Engine Airplane

The objective of this task was to evaluate the passive duct lining concepts considered earlier

(Sec. 3) and the design experience from the model fan duct ADP design (Sec. 5) by applying

them to an airplane analysis. Section 3 discussed the evaluation of broad-band lining concepts

(linings that have a favorable impedance over a larger frequency range) for a target SPL 1/3

octave spectrum that was flat over a large frequency range(500 Hz to 4 kHz). This design case

was chosen because new generation wide--chord fan engines require attenuation over a wide

frequency range. A more representative evaluation of the technologies evaluated in the earlier

studies could be done by choosing a specific airplane and engine type. Also, the study was

expanded to include technologies other than those limited to changing liner impedance, which

included increased acoustic lining coverage within an existing nacelle envelope and the "scarf"

inlet concept.

This section is organized into three major sub-sections. The first sub-section contains

introductory material and includes a description of the details which define the study. The next

sub--section covers the results for the trade studies conducted for inlet noise propagation and
radiation. The final sub-section describes the trades that were carried out for fan duct noise

propagation and radiation.

6.1 Program Overview

6.1.1 Airplane/Engine Definition

The airplane/engine configuration decision controls the engine noise signature and airplane

operating conditions which in turn establishes the target noise spectra to be attenuated.

6.1.1.1 Airplane Definition

For this study a mid-sized, twin engine airplane was suggested by NASA LaRC. It was

originally suggested that the mid-sized, twin engine airplane defined in a report by Kumasaka

(see Ref. 13) would be used as the study airplane. However, the report did not specify all of the

parameters needed to accomplish this trade study and additional assumptions about the study

airplane were required. This was particularly true in two areas. The first was the desire to

consider a wide-chord fan, mid-twin airplane which was not considered in Ref. 13. The other

was that the definition of the nacelle configuration for the baseline airplane was not specified in

Ref. 13. Lining coverage area and duct lengths needed to be established to do the study. These

areas and lengths varied depending on which of the three engine nacelles currently on the 767

airplane was considered. A nacelle was defined that represented what Boeing was able to

manufacture in 1992 and the baseline lining in the nacelle was the best lining that we could have

designed in 1992.

The Boeing 767, being a mid-sized twin engine airplane, was used to generate most of the

airplane performance data needed for the study. Table 9 shows the operating conditions for the

FAR 36 certification flight conditions chosen.
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Table9: FAR36OperatingConditionsfor TradeStudyAirplane

Condition

Approach

Altitude (ft.)
394

Sideline(ft.)
0

Thrust(lb.)

10,900

Mach

0.23

Cutback 1452 0 30,800 0.30

Sideline 1085 1476 44,600 0.30

6.1.1.2 Engine Definition

The thrust requirements for the mid-sized twin engine airplane, as defined in Table 9, require

approximately a 90 in. diameter fan. Both wide chord and narrow chord fan engines were

considered for this study. Current wide chord fan engines have approximately 20 fan blades

while narrow chord fans have approximately 40 blades.

6.1.1.3 Nacelle Definition - Inlet

The nacelle inlet definition determines the location and amount of lining in the inlet. For the

mid-sized, twin engine trade studies, the baseline nacelle was chosen to be made from

aluminum. The panel splices for such a nacelle would be on the order of 2.7 in. wide, with three

axial splices in the inlet.

The inlet baseline nacelle was defined not to have lining next to the fan face. Lining in this

region can increase the inlet tone levels enough that hard-walling this region reduces the inlet

noise. The effect is caused by the circumferentially non-uniform lining near the fan.

Also, the lining was defined to extend forward to the throat of the nacelle, but not past. This is

generally the current requirement for lining in the forward section of the inlet. The length to

radius ratio for this nacelle is approximately 0.6.

Figure 44 is a schematic of the nacelle used for the study. Note the inlet splices and the

hardwalled area near the lining lip.

6.1.1.4 Nacelle Definition - Aft Duct

The nacelle is much easier to define for the aft duct because the uniform, infinite,

rectangular-duct analysis program does not require an exact definition; since it is not capable of

analyzing the effect of lining non-uniformities and 3 dimensional geometries like the inlet

analysis program. All that is required is a lining length and a duct height to represent the

annular fan duct. Figure 45 shows the representation of the fan duct.

6.1.2 Target Spectra

Target hardwall one-third octave SPL spectra were generated for the three FAR 36 certification

conditions for both the narrow chord and wide chord engines. The target spectra are generic

representations of the narrow and wide chord fan engines and do not represent any particular

engine. Boeing technology is well established to predict the attenuations of linings in the inlet

and the fan duct. However, in the interstage area, between the fan rotor and the stators, it is

difficult to predict acoustic lining attenuations for the inlet or aft fan noise components.

Therefore, hardwall target spectra were generated from test data with interstage lining present.

No analysis was done to evaluate interstage lining improvements.

6.1.2.1 Inlet Noise

Figure 46 shows the Noy weighted SPLs for the FAR 36 extrapolated conditions for the inlet

radiated fan noise source component for both the narrow and wide chord fan engines. These
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datawereusedasthetargetspectrafor thetradestudy.Notethat the narrow and wide chord

fans have similar broadband noise, but the narrow chord engine's tones are at higher frequencies

than the wide chord engine's. To attenuate both the peak Noy frequencies and provide

attenuation at the tone frequencies, which provide a tone correction penalty, requires an

extremely broad-band liner for the wide chord engine.

Also, the peak Noy weighted noise occurs at higher frequencies for approach than the higher

RPM cutback or sideline conditions. This counter-intuitive observation is primarily due to

atmospheric absorption. The atmospheric absorption increases with frequency and the

propagation distances for cutback and sideline are considerably longer than the approach

distance (see Table 9). Therefore, the cutback and sideline noise levels roll-off at higher
frequencies.

6.1.2.2 Aft Fan Noise

Figure 47 shows the Noy weighted SPLs for the aft radiated fan noise source component at the

120 degree emission angle. The data look similar to the inlet noise data discussed above and
similar observations can be made.

6.1.3 Types of Nacelle Noise Suppression Technologies

Inlet and aft fan noise suppression technologies studied can roughly be grouped into three

categories if changes to the engine hardware are not allowed. These are lining impedance, lining
area, and configuration technologies.

In its simplest form, lining impedance noise attenuation technology attempts to build a lining

which matches a uniform optimum impedance target over a wide frequency range. This was the

approach taken for the present study. A previous analytical inlet lining optimization study

conducted at Boeing, using an early version of the ray tracing code used for the present study,

showed only a small benefit for varying optimum impedance within an inlet compared to a

uniform optimum impedance. Since a ray tracing code does not include modal or scattering

effects the possible benefits of scattering were not considered in these optimizations. The lining

designs of the present study were primarily aimed at broadband noise, so it was felt that

consideration of detailed modal effects were not necessary because of the large number of modes
supported by the inlet.

The analysis code used for the fan duct lining study is a very simplified duct wave propagation

code which only considers rectangular or circular/annular, axially uniformly treated, infinitely

long ducts. Therefore, this code is not capable of analyzing the effect of varying duct geometry,

varying impedance or modal scattering. Boeing has found that using the rectangular duct option

to model fan ducts does a good job matching engine test data for approach engine power but

over predicts engine test data by approximately 20% at cutback engine power and 40% at takeoff

engine power. The rectangular duct assumption was used for the present fan duct lining study.
The conclusions reached from this study are therefore limited to fan ducts for which the

computer modeling assumptions used hold, i.e. broadband noise in relatively long ducts with

slowly varying geometry and uniform impedance. While it is understood that this is a fairly

limiting set of constraints it was felt that the study was still useful for studying large bandwidth

liners; especially since lining attenuation predictions with this code have compared well with

engine data in the past. These studies did indicate that there may be a benefit from modal

scattering in a fan duct due to the difficulty of attenuating low order modes. This indicates that a

fan duct lining configuration which first uses a section of lining to attenuate higher order modes,

33



is thenfollowed by somemethodof scatteringthelow ordermodeenergyintohigherorder
modes(e.g.areactivelining) andis thenfollowed by anadditionallining sectionto attenuate
higherordermodescould improveattenuationrelativeto auniform lining. It isplannedto study
thisconceptwhena new3Dcode,beingdevelopedby BoeingundertheASTcontract,is
available.

Uniform lining impedancetechnologiesusebroadbandor adaptiveliners to bettermatchthe
liner impedanceto theidealimpedanceovermorefrequenciesand/oroperatingconditions.
Exampleswouldbe linearliners,triple layerliners,parallelelementliners,or biasflow liners.

Lining areatechnologiescanimproveattenuationsby theeliminationof hardwallareasin the
form of panelsplices,areasnearthefanor neartheanti-icebulkheadandreplacingthemwith
lining. While this technologydevelopmentwasnot anexplicitelementof theASTprogram,the
inlet noisetradesshowthatthis technologymaybevaluable.

Configurationtechnologiesmodify thenacelle,not theengine,to changetheradiationdirectivity
or propagationof thesourcenoisefrom theengine.Thescarfinlet andsonicinlet aretwo
examplesof this typeof technology.
Thisstudyprimarily considersuniformlining impedancechangesmadethroughtheuseof
broadbandlinings. However,somelining areaandconfigurationchangeresultsfrom an
internaUyfundedinlet studiesarebriefly discussed.

6.1.4 Linings Evaluated in the Study

Six different linings were considered in the lining impedance studies for the mid-sized, twin

engine airplane. They were single, double, and triple layer perforate and linear liners (see Figure

48).

Single, double, or triple layer liners refer to the number of resistive layers in the lining. The

single layer liner has a resistive facesheet with a backing cavity. The double layer liner adds a

resistive septum and a backing cavity while the triple layer adds two septa and cavities in series.

The linear or perforate liner classifications refer to the type of resistive layer. Linear liners are
often made of wire and are sometimes called wire liners in these studies. They resist flow

through them predominantly by viscosity and tend to have resistances that vary only weakly with

particle velocity. Perforate resistive layers, on the other hand, use non-linear jetting as the

primary loss mechanism and are dependent on particle velocity.

6.2 Inlet Trade Studies

The inlet trade study was only performed at the approach condition. This condition requires the

widest liner bandwidth because the target spectra are generally broader. Therefore, the study

examined the condition where liner technology should make the largest difference. However,

the trade of how different liners work at off-design conditions is clearly absent and deserves

attention. Some "quick look" data suggests that some of the advanced liner concepts may work

better at the off-design points and thus their value may be underestimated with respect to a

single point design.

The inlet component trades are based on an inlet fan noise source component Effective

Perceived Noise Level (EPNL) metric. The use of component EPNLs can be problematic

because of other components masking certain frequencies in the complete noise signature. This

is particularly a problem when calculating tone corrections that are applied to the Perceived

34



NoiseLevels(PNL). It maybedesirableto defineothernoisecomponentssothevalueof a
changecouldbeevaluatedin theoveralldeltaEPNLof theairplane.In practice,however,this
is difficult becausetheansweris dependenton theothersourcelevelswhicharealsochangingin
thecontextof thetotal AST program.

6.2.1 Technologies Evaluated

The primary focus and original reason for doing this study was to look at how much noise

improvement would result from applying uniform liner impedance control technologies.

Uniform impedance technology improvements refer to the use of advanced linings to better

match the optimum impedance over a larger frequency range. As mentioned above, a previous

study showed that varying impedance over the inlet lining did not provide appreciable benefit

over a uniform optimum impedance.

Some trade studies were also performed to evaluate lining area changes for the inlet. In

particular, lining area changes associated with the ability to minimize segment splices in linings

to 0.5 inches were studied. Smaller splices also allowed lining to be added near the fan where

lining had been removed to reduce BPF tone noise generated by scattering of cut--off modes.

Finally, the effect of lining extended from the throat up to the anti-ice bulkhead of the inlet was

considered.

Trades were also performed to determine the value of a scarf inlet. A triple layer lining was

chosen and the value of a scarf with different lining coverage areas was determined.

6.2.2 Liner Depth Constraints

A two inch depth constraint was used for the inlet of the study airplane. This constraint may be

a little conservative in that there may often be more room in the barrel part of the inlet.

However, near the fan-face two inches is a reasonable limit because of blade containment issues.

Also, most of the lower degree of freedom liners optimized to a thickness that was considerably

thinner than the 2 inch constraint. The triple layer linear liners optimized to the 2 in. depth

constraint and may have benefitted from additional depth.

6.2.3 Source Assumptions

The analysis code used for the inlet trade study was a Boeing ray tracing code called RDIFF. The

source region used in RDIFF for this study was a source covering the outer half of the annulus
formed between the fan containment ring and the centerbody at the station containing the fan.

This is the red region shown in Figure 44. Past experience has shown that this source location

area results in radiation predictions which match the measured data well.

RDIFF assumes that all the rays that go from the receiver to the source are uncorrelated or

equivalently any two different points on the source region are uncorrelated. As a result of this

source distribution, RDIFF predicts broad-band attenuations well, but does not do as well

predicting tone attenuations. Tone attenuations would be dominated by a few propagating

modes whereas the source distribution defined has many modes and is more like a broad-band

source. Past experience shows that RDIFF typically under-predicts the tone attenuations.

6.2.4 Optimum Liner Impedances

The optimum or "target" uniform lining impedance used in this study was Z= 2.0 - i 0.5 when

normalized by pc. This target was based on experience from running the RDIFF program in

previous studies.
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6.2.5 Evaluation Process

The evaluation process used for this trade study is shown in Figure 49. There are basically four

steps to the process which are described below.

6.2.5.1 Optimize Lining Parameters to Match Admittance

The lining's normalized impedance is "matched" to the normalized optimum impedance of 2.0 -

i * 0.5. This target impedance was chosen because it represented the current thinking at Boeing

on the best inlet impedance. The YMATCH program uses the lining parameters and constraints,

target impedance, and frequency weightings to solve a least squares admittance (1/impedance)

optimization problem resulting in the best lining.

Min Z[Weight(f) (Y(f)Target - Y(f)Trial) 2l

The lining parameters define the independent and dependent variables in the optimization

problem. For this study the independent variables were the total lining depth, depth of all but

one of the cavities and parameters controlling the resistances of the resistive layers. The

dependent parameter was the depth of the remaining cavity (if any) depending on the total depth

constraint used. For the inlet trade study a constraint was set such that the maximum depth of

the lining would be 2 inches.

The frequency weightings are multiplied by the square of the differences between the target

admittance and the calculated admittance. In this way, one can highlight important frequency

regions where the liner and target admittances should be close. The four sets of frequency

weightings used for the inlet trade study are shown in Table 10.

Table 10: YMATCH Frequency Weightings for the Inlet

# B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37

1 0 0 0 0 1 1 2 3 1 2 1

2 0 0 0 0 1 1 1 1 2 1 0

3 0 0 0 0 0 0 1 2 1 0 0

4 0 0 0 0 0 0 0 0 0 1 1

The weightings are shown as a function of one-third octave band number. Band 27 would

represent a 500 Hz center frequency and Band 38 represents a 6300 Hz center frequency. Note

Weighting #1 has coefficients over 12 one-third octave bands or 4 octaves. YMATCH results

with this weighting set produced results that matched the one-third octave bands B30 to B35,

but could not match the target outside these frequencies. Examination of the outputs from

YMATCH show that single layer linings can match the target impedance over one octave and

double layer linings can match a target impedance over two octaves.

YMATCH exhibits some starting point dependence for the output lining. To assure the "best"

solution is found, multiple starting points are used and the lining is chosen that "best" matches

the admittance target. This is accomplished by a global option that exists within the YMATCH

program.

6.2.5.2 Run RDIFF Code to Determine Lining Attenuations

The next step in the design process was to predict the lining attenuations using the RDIFF

program. RDIFF is a 3-D, ray tracing code developed at Boeing that allows the actual 3-D

B38
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nacellegeometryandlining definitiontobeusedasinputs. Theprogramworkswell whenthe
ray acousticassumptionsarevalid(i.e. ductdiameteris muchgreaterthantheacoustic
wavelength,broadbandnoise). Theseassumptionsaregenerallymetfor themodemHBPR
engineswheretheinletsarevery largeandtheimportantNoy weightedfrequenciesarefrom
broadbandnoisearound2-4 kHz.

Theattenuationsasafunctionof frequencyandemissionanglecanthenbecalculatedby
determiningthelevelchangewith andwithoutthedefinedlining in the inlet nacelle.
6.2.5.3 Add Attenuations to the Hardwall Data

The predicted attenuations from RDIFF are added to the static, 150' polar hardwall data

discussed in the section on the target spectra (Section 6.1.2.5). RDIFF determines attenuations

in a reference frame fixed with the fan. Therefore, lining attenuations need to be applied at

frequencies in this frame and not the Doppler shifted frequencies that would be measured at the

FAR 36 flight conditions.

6.2.5.4 Extrapolate Data to FAR 36 Condition

The final step in the process to determine the FAR 36 noise levels is to extrapolate the static,

150' polar data to the flight. In this step, the correct atmospheric attenuations and Doppler shifts

are applied to the data.

6.2.6 Trade Study Results

Two separate trade studies were carried out for the inlet. The first was a study to determine the

benefit of broad-band linings for the mid-size, twin engine airplane. This was a lining design

impedance study. The second study looked at the effect of changing the lining coverage areas

and the effect of a scarf inlet on inlet noise. These are considered area and configuration

technology changes.

6.2.6.1 Impedance Trade Study

Table 11 tabulates the results of the inlet lining impedance study for narrow and wide chord fan

engines. The table gives the inlet fan component EPNL attenuations (calculated as the

difference of the hardwalled inlet fan EPNL minus the treated inlet fan EPNL) and the percent

improvement relative to the double layer perforate design. The double layer perforate design

was chosen as the baseline because it was the Boeing standard in 1992.

Table 11: Results of the Impedance Study for the Inlet Component at the Approach Condition

Lining Narrow Chord Wide Chord

Atten improv (%) Atten improv (%)
(EPNdB) (EPNdB)

1 layer perforate 3.48 -12.7 2.89 -11.1

1 layer linear 3.86 -3.3 3.15 -3.1

2 layer perforate 3.99 Base 3.25 Base

2 layer linear 4.09 2.5 3.37 3.7

3 layer perforate 4.07 2.0 3.35 3.1

3 layer linear 4.21 5.5 3.48 7.1

Optimum 4.38 9.7 3.67 12.9
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Figure50showstheresultsof Table11graphically.Theindependentaxishasthenumberof
degreesof freedomof the liner. A singlelayer lining hadtwo parametersthatcouldchange
(depthandresistanceof thefacesheet)andthushastwo degreesof freedom.Likewise,the
doubleandtriple layerlinershad4 and6 degreesof freedomrespectfully.Theattenuationfrom
an imaginaryliner with "optimum" impedanceatall frequenciesis alsoshownon theplotsat
zerodegreesof freedom.Thedependentvariableof theplotsis the inlet componentEPNL
attenuation.

TheplotsshowtheEPNL attenuationfor thenarrow(upperplot) andwide(lowerplot) chord
fanengines.Notice thatthe linearor "wire" designsoutperformtheperforatedesigns.Also, the
curvesincreasewith thenumberof degreesof freedom,but aretendingto flattenoutasthe
attenuationsapproachtheoptimumlining value.

Figure51 showsthepredictedimpedanceof thedifferentlinings attheapproachcondition.
Notice that all the linings dowell atmatchingthetargetresistanceof R/Qc=2.0.However,the
liningstend to matchthetargetreactanceof X/Qc---0.5betterasthelining complexityincreases
(singleto doubleto triple layer). Thisbenefitwasexpectedto improvethelining attenuations
for thenarrowandwidechordfantargetspectra.At theapproachpowerconditionthelinear
liner attenuationbenefitrelativeto aperforateliner wasdueprimarily to aflatterreactancecurve
with frequency.Thisresultedin thelinear linerhavingreactancescloserto theoptimumvalue
of -i(.5)_c overawider frequencyrangethantheperforate.This flatterreactanceresultsfrom
the lowermassreactanceassociatedwith linear linermaterials(wovenwire for example).The
lower massreactanceallowsthelinearliner to bedeeperthantheperforate.This increasesthe
low frequencyreactancewhilekeepingthehighfrequencyreactancelower thanfor theperforate
liner.

Clearlylargeinlet componentEPNLbenefitswerenotachievedby lining improvementsat the
approachconditiondesignpoint. Eventheoptimumimpedancelining, whichhasthetarget
impedanceat everyfrequency,only givesabouta 10%improvementin attenuation.Thereason
why this happenscanbestbeexplainedwith rayacoustics(seeFigure52). Raysleavingthe
source(thefan)hit hardwalledareassuchassplicesin the inlet or hardwalledareasnearthe lip
andarereflectedto theobserver.Eventhoughotherrayshit "good" lining andthusare
attenuated,theraysthat strikethehardwalledareasmakea"noisefloor." This is thereasonthat
evenanoptimumimpedancelinercannotachieveappreciablegainsin attenuationatthedesign
point.

It needsto bepointedout thatthe impedanceof thehigherbandwidthlinerstendsto beless
dependentonenginepowercondition(seeFigure53). Thetriple layerperforateis muchless
affectedby thechangein enginepowerconditionsthanthesingleor doublelayerperforate.
Also, notethattheresistanceandreactancearechangedfrom their valuesat theapproach
condition(Figure51)whencomparedto thosefor cutbackconditionin Figure53.As theengine
powerconditionincreases,the in-duct soundlevelalsoincreasecausinganincreasein the
resistance.Additionally, theperforatesaremuchmoresensitiveto in-duct soundlevelchanges
thanthelinear liners.

The independenceof lining impedanceto SPLsisextremelyadvantageousfor two reasons.
First, SPLschangeasthenoisetravelsdowntheduct. Althoughthis studydid not takethis into
accountwhenperformingtheattenuationcalculationsit isbelievedthatthe linings thatarethe
leastaffectedshouldperformbetterbecausetheywill remaincloserto theoptimumimpedance
targetovera largerarea.Second,theperformanceof broadbandlinerconceptswill begreatly
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improved because they should be able to match the optimum impedances over a greater range of

the engine operating conditions (assuming the optimum impedance spectrum does not change

significantly with engine operating condition). No quantification was done of the off-design

engine condition performance improvements in this study due to time constraints. However it is

believed that inlet impedance technologies should consider the control of impedance over a

range of operating conditions as opposed to a single condition.

6.2.6.2 Lining Area and Configuration Trade Study

Two lining area technologies and one configuration technology were evaluated in the lining area

and configuration trade study. The first lining area technology was designated AMAX after a

Boeing in-house program to reduce splice widths. For this study the AMAX technology was

assumed to reduce all inlet splices to 0.5" from the original 2.7" splice width. Also, as defined

in this study, A_MAX would further allow lining to be put near the fan where it is currently being

hardwalled to reduce tone noise caused by an interaction with the splices. Figure 54 shows a

diagram of the conventional and area technology nacelles.

The other lining technology considered for this study was the extension of the acoustic treatment

to the thermal anti-ice bulkhead. This technology was termed "bulkhead" (BH) lining for

obvious reasons. Figure 54 also shows a picture of this type of nacelle.

The configuration technology considered for this study was the scarf inlet. The Boeing company

is currently developing this concept to allow the technology to be put on an airplane product. A

drawing of the scarf inlet compared to a conventional inlet is included as Figure 55. The scarf

inlet changes the inlet nacelle to preferentially radiate upward and not to the important 50-60

degree angles below the airplane. The same A_MAX and BH lining additions considered for the
conventional inlet were evaluated for the scarf inlet.

The results of the study are shown in Table 12. The first column indicates that the nacelle is a

conventional or scarf inlet and shows the percentage length increase if any. The next column

shows what type of lining was put into the nacelle. Most the configurations were evaluated with

a triple layer perforate because the study was to look at the effectiveness of area and

configuration technologies and not at linings. The next three columns show whether the AMAX

and BH lining technologies were on the nacelle, and the total lining area. Finally, the lining

attenuations and percent improvement over a conventional nacelle with a double layer perforate

are shown for both a narrow and wide chord fan target spectrum. Notice that relatively large

attenuation improvements can be made with lining area and/or configuration technologies.
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Table 12: Results of the Lining Area and Configuration Study for the Inlet Component

Nacelle

Conv

Conv

Conv

Conv+ 10%

Conv+20%

Conv+40%

Conv

Conv

Scarf

Lining

HW

Area

(ft 2)

3L perf

0

Narrow Chord

Atten

(EPNdB)
Improv

(%)

Wide ChordLining Tech.

Amax BH

N N

N N

N N

N N

N N

Y N

Y Y

N N

Y N

Y Y

Atten

(EPNdB)

N/A N/A

Improv

(%)

2L perf 66.0 3.25 Base 2.69 Base

3L perf 66.0 3.30 1.5 2.71 0.7

3L perf 74.1 3.93 21 3.25 21

3L perf 83.5 4.31 33 3.55 32

3L perf 101.1 4.79 47 3.90 45

3L perf 83.5 4.56 40 3.92 46

94.9 5.82 79 4.96 84

0.0HW

Scarf 3L perf

Scarf

1.94

4.51

5.72

7.13

3L perf

-40

39

76

1193L perf:Scarf

2.53

4.51

5.72

7.13

65.5

82.9

94.3

-30

68

112

165

The attenuation predictions shown in Table 12 are plotted in graphical form versus lining area in

Figure 56.

These data show liner impedance improvements result in relatively small attenuation

improvements and that larger attenuation improvements need to focus on lining area and

configuration technologies.

6.2.7 Conclusions

The major conclusion from the above study is that improvements in inlet liner impedance

characteristics alone will not result in 25% increased noise reduction relative to 1992 technology

The liner assumed for 1992 technology was double layer perforate liner using the Boeing buried

septum technology. Optimum liners, non-pysically realizable liners with optimum impedance at

each frequency, were predicted to result in improvements of approximately 10% for inlets. A

previous analytical inlet lining optimization study conducted at Boeing showed only a small

benefit for varying optimum impedance within an inlet compared to a uniform optimum

impedance. Hence, the above conclusion is assumed to apply to inlets with varying impedance

as well. Liners with increased degrees-of-freedom, such as triple layer perforates were

estimated to offer only 2% - 3% improvement for inlets. Liners with linear resistance elements

such as linear double and linear triple layer liners were estimated to offer 6% - 7%

improvement. A ray tracing code does not include modal or scattering effects the possible

benefits of modal scattering were not considered in these optimizations. However, these effects

are not believed to be important for broadband noise attenuation in an inlet because of the large

number of modes propagating.

The benefit of linear resistive liner elements is probably underestimated by these results. At the

approach power condition, the linear liner attenuation benefit relative to a perforate liner was
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dueprimarily to a flatterreactancecurvewith frequency.Thisresultedin the linear liner having
reactancescloserto theoptimumvalueof -i(.5)Qcoverawider frequencyrangethanthe
perforate.This flatter reactanceresultsfromthelowermassreactanceassociatedwith linear
liner materials(wovenwire for example).Thelowermassreactanceallowsthelinear liner to be
deeperthantheperforate.This increasesthelow frequencyreactancewhilekeepingthehigh
frequencyreactancelower thanfor theperforateliner.A Boeinginternalstudy(scarfinlet
design)whichconsideredtheFAR36cutbackconditionaswell asthe landingconditionshowed
thatthe linearliner designedfor landingalsobehavedmuchbetterat thecutbackconditionthan
wasthecasefor theperforates.Theincreasein impedancedueto increasedgrazingflow Mach
numberandinternalSPLfor thecutbackconditionrelativeto landingis significantlylargerfor
perforatescomparedto currentapproximatelylinearliners. Althoughthecutbackcondition
targetimpedancehasalargerresistancethanfor landingtheresultingincreasefor current
perforatesis muchlargerthandesired.Current"linear" liner resistiveelementssuchaswoven
wire arenot truly linearandtheresultingresistanceincreaseis closeto whatis desiredfor the
inlet lining.

Additionalnacelleadvances,suchasliner structuraldesignimprovementsto allow reductionin
panelareausedfor fastenersor understandingof theeffectsof linersonboundarylayergrowth
in theinlet throatregion,mayallowadditionallining in inlet nacelles. This work isexpectedto
gainanadditional40%- 80%in attenuationimprovementrelativeto 1992technology.In
addition,thescarfinlet conceptbeingdevelopedusestheinlet shapeto directnoiseupward
abovetheairplanewhile reducingenergypropagatingto theground. Thisconceptis expectedto
giveanadditional40%-80%improvement.

Theresultsfrom thestudyof theapplicationof advancedliners to amediumtwin airplane
showedapproximately1/4of the improvementsrelativeto 1992perforatedoublelayerliner
technologyfound in theNASA/FAA studyconductedin 1993-94. Theprimaryreasonsfor this
discrepancyarethesourcenoisecharacteristicassumedandtheevaluationmetricused.For the
NASA/FAA study,theassumedsourcespectrumwasaone-thirdoctavespectrumwith constant
SPLfrom 500Hz to 4000Hz. Theevaluationmetricwasoverallpowerlevel (OAPWL). For
themediumtwin study,theevaluationmetricwasfancomponentEPNL andthesourcespectrum
hadmaximumNoy weightingin thefrequencyrangeof 2 to 5kHz. Themaximumattainable
attenuationin this frequencyrangeis significantlylower thanin the lower frequenciesbecause
of thebeamingcharacterof higherfrequencymodes.Also,attenuationbandwidthwasnotas
importantfor theairplanestudyasit wasfor the500Hz to 4000Hz powerlevelattenuation
study. Thiswaseventhecasefor thewidechordfanwhichhadarelatively low frequencyBPF
at approach(630Hz band)with aresulting2.2dB tonecorrection.Attenuationof noisein the
BPFfrequencyregionin thiscasehadonly asmallcontributionto PNLT attenuationfor thetwin
studysincethetonecorrectiondid notchangeverymuch. Only thefan noisecomponentwas
consideredfor thisstudy. In realitythemaskingeffectof othernoisesourcessuchasairframe
noisewouldprobablycausethetonecorrectionto bereducedastheinlet radiatedfan noiseis
reducedin theBPFregion. However,thiseffectwasnot accountedfor in theairplanestudy.

6.3 Aft Duct Trade Studies

The following section covers the aft fan noise trade study. The aft fan study was performed

assuming both the approach and cutback condition as the design condition. Also, the off-design

performance was evaluated for each resulting lining design. This allowed some conclusions to be

made about the value of broadband lining concepts at off-design conditions.
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Theliner attenuationswerecalculatedusingBoeing'sMulti-ElementLining Optimization
(MELO) program. TheMELO programis avery simplifiedinfinite ductwavepropagation,
modalattenuationcode.Givenarectangular,circular,or anannularductgeometryandan
impedancewall specification,theprogramcalculatestheducteigenvalueswhich aredirectly
relatedto theattenuationof a givenmodeper length. Multiplicationby thelining lengthand
summingoverall thecut--onmodesresultsin theattenuationfor a givenfrequency.MELO does
havetheability to handle1-D flow in theductanda boundarylayerprofile. As an infinite duct
program,MELO doesnotconsiderchangesin impedancedowntheduct. Therefore,thiscodeis
not capableof analyzingtheeffectof varyingductgeometry,varyingimpedanceandmodal
scattering.The studiesdescribedin Section3showedthatthetriple layerliner attenuation
bandwidthis equivalentto whatonewouldexpectfrom varyingimpedancelinerswith
broadbandnoiseandalargenumberof modes.

Boeinghasfoundthatusingtherectangularductoptionto modelfanductsdoesagoodjob
matchingenginetestdatafor approachenginepowerbut over-predictsenginetestdataby
approximately20%atcutbackenginepowerand40% attakeoffenginepower. Therectangular
ductassumptionwasusedfor thepresentfan ductlining study. Theconclusionsreachedfrom
thisstudyarethereforelimited to fanductsfor which thecomputermodelingassumptionsused
hold, i.e.broadbandnoisein relativelylongductswith slowlyvaryinggeometryandimpedance.
While it is understoodthatthis is afairly limiting setof constraints,it wasfelt thatthestudywas
still usefulfor studyinglargebandwidthliners,especiallysincelining attenuationpredictions
with this codehavecomparedwell with enginedatain thepast.Thesestudiesdid indicatethat
theremaybeabenefitfrom modalscatteringin afanductdueto thedifficulty of attenuating
low ordermodes.This indicatesthat afanduct lining configurationwhichfirst useslining to
attenuatehigherordermodes,is thenfollowed by somemethodof scatteringthelow ordermode
energyinto higherordermodesandis thenfollowed by additionallining could improve
attenuationrelativeto auniformlining. It is plannedto studythis conceptwhena new3Dcode
beingdevelopedaBoeingunderASTcontractis available.

Theaft fancomponenttradesarebasedon thetonecorrectedperceivednoiselevel (PNLT)at the
120degradiationangle.Pastexperiencehasshownthat PNLTattenuationatmaximumPNLT
radiationangleis representativeof the aft fancomponentEPNLattenuation.TheMELO
attenuationpredictionprogramusedin thesestudiespredictspowerlevelattenuationswhichpast
experiencehasshownapplyreasonablywell to themaximumPNLT radiationangle.These
attenuationsareappliedto thetargetspectrumto determinethePNLTattenuations.

6.3.1 Technologies Evaluated

The primary objective was to determine how much noise improvement could be obtained by

applying axially uniform impedance improvement technologies. No studies were done to

evaluate varying impedance, modal scattering, lining area or configuration differences affecting

the aft fan component because of the inherent limitations of the analysis code used. These

studies are planned after a new 3D code presently being developed is complete (approximately
1999).

6.3.2 Liner Depth Constraints

The lining depth constraints for the aft duct are much more severe than the inlet depth

constraints. For this study depth constraints of 1.0, 1.5, and 2.0 inches were considered. The
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actualaft duct lining depthconstraintswouldbesomewherenearthesenumbersandwould
dependonwherethelining waslocated.

6.3.3 Source Modal Energy Assumptions

The modal energy assumptions affect both the optimum lining design impedances and the

maximum lining attenuations. For this lining design, a modal energy distribution believed to be

appropriate to random broad-band noise was used within our design program. This assumption

approximates an equal energy modal assumption which states that the propagating energy of

each cut-on mode is identical. The Boeing assumption and an equal energy assumption are the

same except near cutoff where the assumption forces lower energies near cutoff where the equal

energy assumption would force extremely high SPLs because the energy transport rate down the

duct is very small. The difference between the Boeing assumption and the equal energy

assumption probably does not have a significant effect on the resulting lining design since the

modes near cut-off attenuate rapidly down the duct even if the lining design is not optimum for

these modes. The energy assumption used by Boeing is:

f p2 = constant for each mode
dS

S

or the integral of the pressure squared over the cross sectional area is constant for each mode.

The use of a broadband energy assumption works well for fan ducts where the spectrum is

broadband dominated. This is somewhat the case for the target spectra for the approach and

cutback conditions which can be seen in Figure 47.

6.3.4 Optimum Liner Impedances

The optimum liner impedances were determined using Boeing's Multi-Element Lining

Optimization (MELO) program. Built around the modal prediction capability is an optimizer

capable of changing the lining impedance to maximize the resulting attenuation. In this manner,

an optimum impedance versus frequency can be determined.

The representation of the fan duct lining with MELO is shown in Figure 45. A two dimensional,

rectangular duct was modeled with the height of the duct chosen as the average height of the fan

duct in the lined region for a mid-sized, twin engine airplane. The lining length used for the

MELO program was obtained by estimating the average lining length.

The optimum impedance versus frequency plot produced with MELO for both approach and

cutback is shown in Figure 57. Notice the optimum impedance of the fan duct changes very

little for these two operating conditions.

In determining the optimum impedance for the mid-sized, twin engine fan duct, the following
assumptions were made:

1 A two dimensional rectangular duct with the same lining on each side

2 A linear boundary layer profile with momentum thickness of 0.3 cm.

3 Cut--on modes with a modal assumptions as discussed in the Source As-

sumptions section.
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6.3.5 Evaluation Process

The process used to determine the aft fan duct liner design is graphically shown in Figure 58. A

description of each block follows.

6.3.5.1 Optimize Lining Parameters to Match Admittance

The lining's admittance (1/impedance) is matched to ideal admittance (1/ideal impedance) as

calculated with the MELO program using Boeing's YMATCH program. This is basically the

same procedure as described in Section 6.2.5.1 except the ideal impedance is different and

different weightings are used in the least squares optimization problem.

Like the inlet problem, the lining parameters define the independent and dependent variables in

the optimization problem. Three different depth constraints were used for the aft duct problem.

The frequency weightings used for the narrow and wide chord fan spectra at the approach and
cutback conditions are shown in Tables 13, 14, 15, and 16. Different weightings were chosen for

each target spectra because the target spectra were different.

Table 13: Frequency Weightings Used for the Narrow Chord Fan at Approach

# B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37 B38

1 0 0 0 0 1 1 1 3 2 2 1 1

2 0 0 0 0 0 1 1 1 1 1 1 0

3 0 0 0 0 0 0 1 2 1 0 0 0

4 0 0 0 1 2 1 0 0 0 0 0 0

Table 14: Frequency Weightings Used for the Narrow Chord Fan at Cutback

# B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37 B38

1 0 0 0 0 0 1 4 1 1 2 1 1

2 0 0 0 0 0 1 2 1 1 1 1 0

3 0 0 0 0 0 0 0 0 1 2 1 0

4 0 0 0 0 0 1 2 1 0 0 0 0

Table 15: Frequency Weightings Used for the Wide Chord Fan at Approach

# B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37 B38

1 0 2 0 0 1 1 1 2 2 1 0 0

2 0 0 0 0 1 1 1 1 1 1 0 0

3 0 0 0 0 0 0 1 1 1 0 0 0

4 0 2 1 1 0 0 1 1 1 0 0 0
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Table16: FrequencyWeightingsUsedfor theWideChordFanat Cutback

# B27 B28 B29 B30 B31 B32 B33 B34 B35 B36 B37 B38

1 0 0 0 3 1 1 1 1 1 1 0 0

2 0 0 0 1 1 1 1 1 1 0 0 0

3 0 0 0 0 0 0 1 1 1 0 0 0

4 0 0 1 3 1 0 0 0 0 0 0 0

Theweightingsareshownasafunctionof one-thirdoctavebandnumber.Band27would
representa 500Hz centerfrequencyandBand38representsa 6300Hzcenterfrequency.Note
Weighting#1 for thenarrowchordfantargetspectraat approachhascoefficientsover8
one-thirdoctavebandsor about3octaves.Examinationof theoutputsfrom YMATCH show
that singlelayer liningscanmatchthetargetimpedanceoveroneoctaveanddoublelayerlinings
canmatcha targetimpedanceovertwo octaves.WhenYMATCH wasusedto matchasingleor
doublelayerlining over3 octavebandsit producedresultsthatmatchedthecenterbands,butnot
theedges.Thisprocessproducedfour designsfor eachtypeof liner (perforateandlinearsingle,
doubleandtriple layer),eachdepthconstraint(1 in., 1.5in. and2 in.), eachtypeof fan (narrow
chordandwidechord)andeachdesignpoint powercondition( approachandcutback). The
impedancespectraof thesefourdesignswereexaminedandonechosen(subjectiveevaluation)
for thestartingpoint of a ductattenuationoptimizationcalculation.

6.3.5.2 Optimize PNLT Attenuations Using the YMATCH Starting Points

MELO was next used in the optimization mode to find lining designs for each type of liner

(perforate and linear single, double and triple layer), each depth constraint (1 in., 1.5 in. and 2

in.), each type of fan (narrow chord and wide chord) and each design point power condition (

approach and cutback). The YMATCH defined liner definitions were used as starting points.

Specifically, the lining definitions and hardwall spectra are input into MELO. MELO then uses

the optimizer to find a design which minimizes the attenuated spectrum PNLT by varying the
specified geometry parameters, with defined constraints. These results were used to determine a

set of attenuations to evaluate which liners performed best.

Since this process was run with perforate and linear single, double and triple layer linings, three

lining depth constraints and two design points for both the narrow chord and wide chord fan

engines, 72 optimizations were run.

It should be mentioned that there is a "factor" applied to the calculated attenuations within

MELO. This "factor" is an empirical correction for the MELO predicted attenuations to match

full-scale, ground test measured lining attenuation data. The accepted "factors" used at Boeing

are 1.0, 0.8, and 0.6 for the approach, cutback, and sideline conditions respectfully. The factors

were applied to all the MELO duct attenuation predictions made in this design.

6.3.5.3 Choose Best Lining Based on PNLT Attenuations

The best lining for each set of target spectra and constraints was chosen from the set generated

with MELO. This part of the process was nothing more than choosing the linings that gave the
highest attenuations.
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6.3.5.4 Calculate the Off-Design Performance

The final step in determining the best lining was to determine the cross-performance. For each

of the linings generated from the last step, the attenuation at the other operating condition was

determined.

6.3.6 Trade Study Results

Liner impedance design trade studies were completed for the fan duct to evaluate the benefit of

broadband linings for the approach and cutback operating conditions for both narrow and wide

chord fan target spectra. Additionally, some work was done to evaluate point design linings for

approach and cutback at the off-design points.

6.3.6.1 Approach Design Point Impedance Study

Six different linings were evaluated for the approach impedance study. These were the single,

double, and triple layer perforate and linear linings as discussed in the section on Linings

Evaluated in this Study. The purpose of the study was to evaluate how much improvement

broadband linings could offer for a point design.

Table 17 gives the results of the study. Note that although triple layer linings offer more

component attenuation improvement compared to the inlet, the improvements are still relatively

small. Note also that a optimum uniform lining (one that matches the ideal impedance at every

frequency) cannot reach the 25% attenuation improvement AST program goal.

Table 17: Results of the Impedance Study for the Aft Component at Approach

Lining

1 layer perforate

1 layer linear

2 layer perforate

2 layer linear

3 layer perforate

3 layer linear

Optimum

Narrow Chord Wide Chord

improv (%) improv (%)Atten

(PNLTdB)

6.6 -20.5

7.9 --4.8

8.3 Base

8.8 6.0

8.8 6.0

8.9 7.2

10.3 11.3

Atten

(PNLTdB)

5.3 -25.4

6.7 -5.6

7.1 Base

7.6 7.0

7.5 5.6

7.7 8.5

8.4 18.3

Figure 59 shows a graphical representation of the approach design point attenuation results. As

expected, the linear liners outperformed the perforates and the higher number of degrees

freedom liners outperformed the lower.

6.3.6.2 Cutback Design Point Impedance Study

Table 18 and Figure 60 show the cutback power design point results. Generally, the results are

similar to the approach design condition with the exception that the "optimum" liner shows

larger attenuation improvements than is seen for approach.

46



Table18: Resultsof theImpedanceStudyfor theAft Componentat Cutback

Lining NarrowChord WideChord

Atten Improv(%) Atten Improv (%)
(PNLTdB) (PNLTdB)

1layerperforate 6.5 -18.8 3.9 -29.1

1 layer linear 7.0 -12.5 4.2 -23.6

2 layer perforate 8.0 N/A 5.5 N/A

2 layer linear 8.1 1.3 5.8 5.5

3 layer perforate 8.1 1.3 6.0 9.1

3 layer linear 8.3 3.8 5.9 7.3

Optimum 10.2 27.5 9.1 65.5

6.3.6.3 Off-Design Impedance Study

The off-design performance of the point linings defined for approach and cutback were

evaluated at the other operating condition. Figure 61 shows the sum of the approach and

cutback attenuations for each lining. Note that the cutback designs tended to have slightly

higher summed attenuations than the approach designs. This suggests that if a point design was

going to be used for both conditions, that a cutback design should be chosen.

6.3.7 Conclusions

As for the inlet, the major conclusion from the above study is that improvements in nacelle liner

average impedance characteristics alone will not result in 25% increased nacelle noise reduction

relative to 1992 technology. The liner assumed for 1992 technology was a double layer

perforate liner using the Boeing buried septum technology. Optimum uniform liners,

non-physically realizable liners with optimum impedance at each frequency, were predicted to

result in improvements of approximately 15% for the fan duct at the airplane landing condition.

Liners with increased degrees-of-freedom, such as triple layer perforates, were estimated to

offer 6% - 10% improvement for the fan duct. Liners with linear resistance elements, such as

linear double and linear triple layer liners, were estimated to offer 7% - 10% benefit. Since

previous studies have shown that the triple layer liner gives attenuation values similar to liners

with slowly varying impedance for broadband noise and a large number of modes, the above

conclusion are expected to apply to ducts with slowly varying impedance as well.

These studies did indicate that there may be a benefit from modal scattering in a fan duct due to

the difficulty of attenuating low order modes. This indicates that a fan duct lining configuration

which first uses a broadband lining to attenuate higher order modes, is then followed by some

method of scattering the low order mode energy into higher order modes (such as a reactive liner

segment) and is then followed by additional broadband lining could improve attenuation relative

to a uniform lining. It is planned to study this concept and the effects of varying

non-circular/annular geometry when a new 3D code being developed a Boeing under AST
contract is available.

Consideration of the FAR 36 cutback condition showed that if both landing and cutback are

given equal weight, the design optimized for cutback (design point) was superior to that

designed for landing, for the narrow chord fan engine. If the approach condition is chosen as the
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designpoint, thebenefitof usinga linearliner wassignificant(approximately16%relativeto
thesumof landingandcutbackattenuationfor adoublelayerperforateliner).

For thewidechordfanthelandingpluscutbackattenuationwasnotappreciablydifferentfor the
landingor cutbackoptimized liners. Thebenefitof triple layeror linearlinersfor this metric
wassimilar to that seenfor thedesignpoint PNLTattenuations(approximately10%).

Additionalnacelleadvancementssuchasliner structuraldesignimprovementsto allow reduction
in panelareausedfor fastenersandstrengthreinforcement,arepresentlybeingstudiedatBoeing
but thenoisereductionfrom this technologyfor thefanductwasnotexplicitly evaluatedaspart
of this study. Preliminaryestimatesshowapotentialfor increasingthelining areaby
approximately30%.
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NASA Langley Data TP2679 X - Boeing Grazing Flow
Impedance Data

Downstream propagationwith error bounds

_). Upstream propagationwith error bounds
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(a) NormLltzecl acoustic resistance, e = R/Oc

Measured grazing-incidence impedance as inferred from two-dimensional shear-flow model.

Figure 13: Comparison Of NASA And Boeing Wichita Grazing Flow Resistance Test Data
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Figure 35: Representation of the Fan Duct with the MELO Program

84



5

4

APP_FD_O

R1

0--

X1

®--

vs FREQ

3

"i"
v

Q

_S

Ol

¢r
"O
IE

o0
t-"

.m
(/)

rr"

"O

N

O
Z

--2'

J

_3 ¸

_4,

600 700 800 1000 2000 3000 4000 5000 60007000
Frequency (Hz)

Figure 36: Optimum Lining Impedance for the ADP Fan Duct

Predicted useing Boeing's MELO Program

(Boundary Layer Thickness = 0.3 cm)

85



5

4

3

2

55OO

®

(9

7740

[]

1,1

8292

8750

900O

0
Z

-2

-3

-4

-5
500 600 700800 1000

Figure 37:

2000 3000 4000 50006000 8000 10000
Frequency (Hz)

Preliminary Ideal Impedance Calculations for the ADP Fan Duct

Based on Boeing Program MELO

86



5

4

3

I
N1C (Prediction Type)

5500 (Rectangular)

8750 (Rectangular)

5500 (Annular)

8750 (Annular)

Normalized Resistance (R/pc)

[A]
5500

O--

O_

8750

O_

[g]
5500

8750

2

Normalized Reactance (X/pc)

-5-
5O0 600 700800 1000 2000 3000 4000 50006000

Frequency (Hz)

Figure 38: Ideal Impedance Calculations for the ADP Fan Duct

Comparison of Annular and Rectangular Solutions from MELO

8OOO 10000

87



5

4

app_fd_2S_noBL
o_

o_

app_fd_2S_reet
B_

B--

.-.2
X
v

e-

ft

e-

rr
v

_0

ffJ

rr_l

N

0

Z_ 2 _ .

_3,- -

-.-4,

I

Legend

o with 0.3" boundary layer

m no boundary layer

Possible Reasons for the high frequency reactance behavior:

1) Boundary layer velocity gradient tends to bend mode

toward the lining. Increased incidence re¢ uires less

reactance for optimum impedance.

2) Higher frequencies have more energy in higher order modes

which have high incidence angle and require reactances
closer to 0.

_e

.-B

-5
500 600 700 800 1000 2000 3000 4000 5000 60007000

Frequency (Hz)

Figure 39: Comparison of Boundary Layer Effect on Optimum Impedances
(2 sided w/BL and 2 sided w/out BL)

88



Lining parameters

Lining constraints

Target admittance

Frequency weightings

Optimize Lining

Parameters to

Match Admittance
r

Optimize PNLT

Attenuations (both

sides the same)

l
Optimize Lining
Parameters to

Match Admittance

Optimize PNLT

Attenuations (both

sides the same)

Figure 40: Block Diagram of the Design Process

89



1(

rn

v

t-
.__q
t_

t-

° --

J

t

s

#

t

i

s

i

/
/

/
/

(

/

Run Atten(dB)
• Double Layer 16.6

r_ Single Layer 13.3

_ ........ Baseline (R=60) 8.9Optimum Attenuation 21.1

i

500 600 700 800 1000 2000 3000 4000 5000 60007000

Frequency (Hz)

Figure 41: MELO Predicted Lining Attenuations vs the Optimum Attenuations

Two-Sided Single and Double Layer Linings at Scaled Frequencies
(at the cutback condition)

90



2

i

i

i

i

i

i

i

(

)

=

)

i

Key
i

0 Resistance of side 1 ,

Reactance of side 1 ,
i

0 Resistance of side 2 ,

5000 60007000

& Reactance of side 2 ',

-3- // I

/ i
-4. ¢. I

/ ,-5. I1
500 600700800 1000 2000 3000 4000

Frequency (Hz)

Figure 42: Predicted Lining Impedance vs the Optimum Impedance

Two-Sided Single Layer Lining at Scaled Frequencies

(approach, cutback, and sideline)

91



5

4

3

0id _"

Key

0 Resistance of side 1

Reactance of side 1

¢ Resistance of side 2

A Reactance of side 2

.BEi9F9/5DiDE2_ "_

e 1 _ -"_"_'_ "_'_ ...... :_ _'_

"o

E
--0

,/,_ _ i8F8 /N#el=',_('_egz-1 C,=d_ ,%
16i _ i@SC[ _J

SS
_Z( I I, Ilq Li/ -- l_l_/1,/

-3 ¸

-4

-5
5O0 600 700 800 1000 2000 3000 4000 5000 60007000

Frequency (Hz)

Figure 43: Predicted Lining Impedance vs the Optimum Impedance

Two-Sided Double Layer Lining at Scaled Frequencies

(approach, cutback, sideline)

92



c_
L.

c_

L.

C_

c_

c_

0
°l=nl

.,la

93



L= 75.4 cm (29.7")

'" 1''"
Maximum depth

I Rectangular Duct I H= 37.3 cm (14.7") constraint of 5.08 cm (2")

.........1............../......

Figure 45: MELO Representation of the Fan Duct Nacelle

94



9O

6O

50
50 100 200 300 500 1000

Frequency (Hertz)
2000 4000 6000 10000

9O

60

50
50 100 200 300 500 1000 2000 4000 6000 10000

Frequency (Hertz)

5O

Figure 46: Inlet Spectra for the Approach, Cutback and Sideline Conditions

(for the narrow and wide chord fan engines at 60 degrees)

95



90

60

50
50 100 200 300 400 600 1000 2000 4000 6000 10000

Frequency (Hertz)

rn
"o

....I

03

-o

¢-.

.m

0
Z

90

80

70

60

50
50 100 200 300 400 600 1000 2000 4000 6000 10000

Frequency (Hertz)

Figure 47: Aft Duct Spectra for the Approach, Cutback and Sideline Conditions

(for the narrow and wide chord fan engines at 60 degrees)

96



Perforate Single Layer Linear Single Layer

Perforate Double Layer Perforate Triple Layer
(one septum) (two septa)

Figure 48: Examples of Linings Considered in the Trade Study

97



Lining parameters

Lining constraints

Target admittance

Frequency weightings

Optimize Lining
Parameters to

Match Admittance
w

Run RDIFF to

determine the lining
attenuations

Add lining
attenuations to the
hardwalled

unextrapolated data

Extrapolate data to
the FAR 36

operating condition

Figure 49: Block Diagram of the Evaluation Process for the Inlet

98



v

e--
.o
t_

t'--

<
-.!
Z
fl_
I.U

4

.

WIRE <

<

Perforate

__J. L

[ Narrow Chord Fan]

Perforate (2" max.)

Linear Wire (2" max.)

OPT 3L 3L FL

0

5,

2 4 6 8

Degrees Of Freedom

10 12 4

4

m
v

= 3
.__9
(_

(.-

< 2
-J
Z
13_
iii

0
0

LWide Chord FaL_n

WIRE _- ---y

Perforate

SL 3L I"L

2 4 6 8
Degrees Of Freedom

0 12

Figure 50: Results of the Impedance Study for the Inlet Component

(at the approach condition)

99



3"
v

_3,
c'-

.(1)

"_2 _. _ L : -- - - " .... r--_'

N _._ i_" X

• _ 1 layer per/
Z _ __m_ 1 layer wire

1 r__ 2 layer per/

r. m---- 2 layer wire
,_ _ 3 layer per/
A .... 3 layer wire

1L_perf_ap
R

o_

1L wire_ap
R

2L_peff_ap
R

2L_wi re_ap
R

B_

3L_perf_ap
R

3L_wire_ap
R

o
500 600 70080090_000 2000 3000 4000 500060007000

Frequency (Hz.) 1L_.peff._ap

/ " ×
1L_wireap

_ _" X

2000 3000 4000 5000 60007000
Frequency (Hz.)

" /, / t
-3" '/

500 600 700 800 1000

2L_perf_ap
X

m_

2L wire_ap
X

e_

3L_perf ap
X

3L_wire_ap
X

Figure 51: Impedance of the Inlet Liners

(at the approach condition)

100



Rays from the inlet

• Lining extended to I

Forward region in 1992 baseline sets floor on achievable lining
improvement. The attenuations are controlled by the hardwalled
areas not the lining panel attenuations. The options are:

1) Leave it and get 10-15% maximum improvement
2) Extend treatment forward for 30-80% improvement
3) Change the radiation directivity by scarfing the inlet

Figure 52: Ray Acoustic Argument for Low Inlet Attenuations
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Appendicies:

A 1. "Theory And Design Of Helmholtz Resonators Constructed With Slot Perforates"
Allen Hersh and Bruce Walker

A2. "Theory And Design Of Helmholtz Resonators To Suppress Aircraft Engine Noise"
Allen Hersh and Bruce Walker

A3. "Theory And Design Of Helrnholtz Resonators Constructed With Micro-Diameter Perforates"

Allen Hersh, Joseph Celano and Bruce Walker

A4. Impedance Models.

The following are the references for the impedance models incorporated into the Boeing lumped

element impedance model library as a result of work on this contract :

1. Small diameter cell (parallel cells) from empirical formulae in Tijdeman JSV

Vol.39, No.l, 1975, pl-33.

2. Perforated plate face shet using a discharge coefficient formulation outlined in

"Fluid Mechanical Model of the Acoustic Impedance of Small Orifaces ", Hersh &

Rogers, AIAA 75-495.

3. Bulk absorber model from empirical formulaae presented in Voronina, Soviet

Phys. Acoust. 29(5)Sept.- Oct. 1983

4. Perforated Plate - Uses code from Appendix 2.
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I. INTRODUCTION

It is reasonable to assume that future commercial aircraft will have to comply with increasingly
stringent environmental noise pollution regulations. This may require engine and engine nacelle
manufacturers to improve the efficiency of current acoustic liner designs which often consist of
fine wire-mesh screens bonded to honeycomb-backed circular orifices. It has been well

documented that the acoustic resistance of these kinds of liners in flow duct applications are
insensitive to the effects of grazing flow speed and sound pressure amplitude 1. However, the
bonding of screens to honeycomb-backed circular orifices significantly increases production and
maintenance costs and imposes additional weight relative to non-screen liners.

A novel and proprietary cavity-backed sound absorbing liner design concept has been
developed, based on unique elongated orifice shapes that are insensitive to both grazing flow
speed, grazing flow boundary-layer thickness and sound pressure amplitude. An impedance
prediction model of the liner has been derived using fluid mechanical, lumped element concepts.
The impedance model was calibrated and its accuracy verified experimentally in acoustic wind
tunnel facilities.

The report is organized as follows. Following this introduction, the liner impedance model is
derived in Section I1. The results of the experimental program is described in Section II1. The
report closes in Section IV with an application of the impedance model to design linear or almost
linear sound absorbing liners.

I1. MODEL DERIVATION

A semi-empirical impedance prediction model is derived for the case of a cavity-backed, single
orifice liner. Later, the model will be extended to multiple orifices backed by a common cavity.
The derivation is based on applying conservation of unsteady mass and vertical momentum flux
across the control volume shown in Figure 1. It is assumed that the cavity pressurePc, v can be
accurately modeled using one-dimensional acoustics. Referring to Figure 1, Voo represents the

grazing flow incident to the resonator, VooSoo represents the grazing volume flow rate deflected
into the elongated orifice by the local sound pressure field, So = WL represents the control
volume surface where W and L represent orifice width and length respectively, Uo represents the

vertical acoustic velocity component within the orifice, H represents an orifice lumped element
inertial length parameter, uv¢ represents the sound particle velocity at the control volume "vena
contracta", S_c represents the cross-sectional area of the "vena contracta" and T is the resonator
face-sheet plate thickness,.

Conservation of Mass. Using the arguments proposed by Tempkin 2, when H << _, the
conservation of mass flux within the control volume may be written,

UoSo+v=s= = uvoSvo (1)

Thus to first order, the pumping of volume flow into and out-of a resonator orifice is governed by
unsteady, incompressible motion. This makes sense because acoustic changes can occur only
over scale lengths on the order of an acoustic wavelength.
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Conservation of Vertical Momentum. Again, following Tempkin, when H << X, the

conservation of momentum in the vertical direction may be written,

du o

poSo H _ + po(U%Svc - u2oSo)= P_.cSo - Pc.vSo - _wSwo (2)

The various terms in Eq. (2) are explained below:

• The first term on the left-hand-side (LHS) represents the rate of increase of momentum
stored in the control volume. Here p is the fluid density and H is an unknown lumped

element inertial length parameter.

• The second term on the LHS represents a Bernouilli type of nonlinear momentum flux
increase across the control surfaces So and S,¢.

• The first term on the right-hand-side (RHS) represents the incident acoustic driving force

acting on the control surface So.

• The second term on the RHS represents the cavity restoring force acting upon the fluid

pumped into the cavity interior volume. It can be estimated by solving the one-dimensional
wave equation in the cavity resulting in the following expression,

(oJLoav_
P_v = -ipoCo°'c°tl ---_=_lUo

\Co)

(3)

where L_ represents the cavity depth, Cois the fluid speed of sound and o is the perforate

percent open area.

The third term on the RHS represents the momentum loss from frictional wall shear stresses
% distributed over the face-plate thickness wetted area Sw= 2L(_+W). The wall shear stress
is defined as,

rw --/Zo ~ L_ (4)
W

where I__ is a characteristic length. The shear stresses are assumed to be generated from
acoustic and steady-state (Poiseuille) shear stresses. The acoustic stresses are assumed

to be proportional to the acoustic boundary-layer thickness (Vo/¢O)lr_ and the steady-state
stresses are assumed to be proportional to uo/W. These assumptions result in derivation of
the following model for the vertical shear stresses,

The parameters Kss and Kkc are unknown and must be determined from experimental data.

(5)

Substituting Eq. (1) into Eq. (2) and introducing an acoustic discharge coefficient CD and a
grazing flow coefficient Coo defined as
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C O S"c u° " C= S®
-So - Uvc ' = _o

(6)

and combining Eqs. (1-6) yields after some algebra and retaining only acoustic terms,

H---_-+ Uo -C--zV®Uo +2 1+ -_ Kss-._+KAc uo

- iCocr cot(kL=, v)Uo -
Po

(7)

where k = e/co.

Equation (7) is nonlinear and should be solved numerically to achieve a dynamically steady-
state solution followed by a FFT analysis to calculate the fundamental harmonic time-dependent
velocity component. Although this procedure is numerically straight-forward, it complicates the
liner design. The following simplified scheme is proposed. First, assume that the sound field is
harmonic so that acoustic quantities are written as,

Uo = #oej_ (8)

To simplify the notation, the symbol (^)is deleted in the remainder of this report and it is
understood that only acoustic amplitudes are considered. Second, the quantity Uo2 on the LHS
of Eq. (7) is written as

2 Ai_. 2
Uo = _ uo (9)

Equation (9) can be interpreted as retaining only the harmonic acoustic energy or equivalently
the simplification results in the loss of higher harmonic acoustic energy. It is important to
understand that nonlinear acoustic jetting effects are unaffected by this simplification. Since we
are interested in using slot liners to achieve linear or near linear sound absorbing liners, this
simplification is quite reasonable.

Substituting Eqs. (8 & 9) into Eq. (7) yields the following quadratic expression for Uo,

co co eo'=o+ ,o0 (10)

where the parameters (_' and 13'are defined as
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a,_= + T K

_" -- _oH- Co_,cot(kLo,,)

The solution to Eq. (10) is

+ KAcv'qf-_°°l+ 2 _o'-oV= (11a,b)

Uo _ I I 12co P_ Co (,_'+jp') +_) (12)(1-c,,)po+ 2(1-co) 2(

Since the acoustic velocity volume flow pumped into and out-of the resonator must be equal

over an entire cycle, Eq. (12) is assumed to be also valid over an entire cycle. This is based
upon the assumption that over long time periods relative to the incident sound period, the time-
averaged volume inflow and out-flow must be equal over a cycle to insure that the mean cavity
pressure is constant, independent of time.

i

The normalized impedance 7-Jpocoof a Helmholtz resonator is defined as

z P,,_ p,.o
PoC-_ - PoCoU_,, - PoCo°'uo , u_v = o-uo (13)

Substituting Uofrom Eq. (12) into Eq. (13) results, after some algebra, in the following expression
for impedance,

,ll,-Colfz__=(_+iP)poCo20- +;_/---_-__TEZ') (14)

where the parameters ¢ and 13are now defined as

p____,_oHcotOLo.,)
Co

_] c._v=

Equation (14) is defined in terms of the following unknown parameters: Kss, KAc., Co, Coo and H.

These parameters are assumed to be independent of time and hence frequency.

III. EXPERIMENTAL PROGRAM

An experimental program was undertaken to provide a data base in order to generate empirical
curve-fits of the five parameters defined above. Table I defines the important parameters of
nine perforate resonators, six of which were tested in the HAE Acoustic V_nd Tunnel Facility
and three in the NASA Langley Acoustic Wind Tunnel and Impedance Tube Facilities.
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Table I. Summary of Perforate Resonator Properties

Slot Slot t Wit Slot L L_ N a Test

ID Width (in) Spacing (in) (in) (%) Location

(in) (in)

4 0.00464 0.125 0.037 1.414 1.5 0.14 1 0.222 HAE

6 0.00696 0.125 0.056 1,414 1.5 0.33 1 0.332 HAE

8 0.00928 0.125 0.074 1.414 1.5 0,24 1 0.443 HAE

10 0.0116 0.125 0.093 1.414 1.5 0.36 1 0,554 HAE

E 0.0020 0.O58 O.O34 0.0156 1.25 3.14 80 6,37 HAE

D 0.0030 0.058 0.052 0.0179 1.25 4.5 70 8.36 HAE

C 0,0016 0.058 0.0276 0.0156 1.7 1.5 140 9.52 NASA LANGLEY

B 0.0020 0.058 0.0345 0.0173 1.7 1.5 100 8,50 NASA LANGLEY

A 0.0025 0.058 0.0431 0.0205 1.7 1.5 83 8.82 NASA LANGLEY

HAE Test Program

The perforates identified as 4, 6, 8 & 10 in Table I were constructed with single orifices (N = 1)
and were used to provide initial design information. They were installed in the HAE Wind Tunnel
and their tuned resistances measured as a function of SPL and grazing flow speed using the

two microphone measurement scheme developed by Dean 3. Figures 2 and 3 summarize test
results. Referring to Table I and the upper-half of Figure 2, the tuned resistances of the
resonators are plotted as a function of sound pressure amplitude. The lower-half of Figure 2
displays the resistance measurements normalized by their values at very low sound pressure
amplitudes. Test results suggest that nonlinear effects become negligible when W/-c < 0.037.
Figure 3 display the effects of grazing flow on the tuned resistances of the resonators. Referring
to the lower-half of Figure 3, test results suggest that the effects of grazing flow also become

negligible when W/T < 0.037.

The high values of resistance of the single perforate resonators prompted the construction of
multiple perforate resonators. In order to achieve resistances on the order of two-to-three"poCo",
resonators A - E were constructed. A least-square-fit of the data was used to calculate the

values of the parameters Kss, KAc., CD, Coo and H and the results of which are summarized
below in Table II.
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Table II. Least-Square Test Results of Parameters Kss, KAc., Co, C® and H

Perforate
ID

E

K$s

3.118

KAc

0.261

C¢o

0.0012

Hid.

NA

0.7
D 2.564 2.571 0.5 NA NA*
C 3.255 0.919 0.5 NA 0.7
B 3.442 0.666 0.5 NA 0.7
A 5.056 1.751 0.5 0.7

Referring to Table II, the impedance of resonators A - D were not measured in a grazing flow
test facility, only resonator E. Further, only the tuned resistance of resonator D was measured.

Figure 4 graphically display the parameters K=: and K= as a function of perforate width to face-
plate thiqkness (W/_). The following empirical curve-fits of the data were derived,

2 3Kss =81.65-6.692"103 +1.845"10 s -1636" 10 e (14a)

(14b)

Figures 5(a,b) summarize the effects of SPL and grazing flow on the impedance of the E
resonator. Figures 5(a-c) show that the model equation predicts the resonator resistance and

reactance reasonably accurately over the entire frequency, sound pressure amplitude and
grazing flow speed range tested. Observe that the reactance data shown in Figure 5c showed
no effect of grazing flow, thus the parameter H was assumed to be constant, independent of
grazing flow (at least for Voo < 77 m/s). Figure 5c shows that the orientation of the perforate was
insensitive to the direction of the mean flow for values of WI_ on the order of 0.035. This is of

considerable importance in aircraft turbofan engine application because it eliminates the need to
have an accurate description of the mean flow direction in order to design efficient sound
absorbing perforate resonators. Finally, Figure 6 shows that the tuned resistance of the D
resonator was also accurately predicted.

NASA Langley Tests

Because the HAE Wind Tunnel grazing flow maximum speed was 77 m/s (Moo = 0.23) and the
corresponding frequency range was 400 < f < 800 Hz, the three resonators identified as A, B
and C in Table I were constructed and tested in the NASA LaRC Acoustic Wind Tunnel Facility
to validate the design at grazing flow speeds as high as Moo = 0.5.

Figures 7(a-c) show the effect of grazing flow on the impedance of the A, B and C resonators as
measured in the NASA LaRC Wind Tunnel. The results were compared to measurements of the
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impedanceof a 2-inchthickCeramicLinerusedby NASALaRCas a reference linear liner. Test
results show that the impedance of all three perforate resonators were about as insensitive to

grazing flow as the Ceramic Liner demonstrating the linearity of the perforate resonators.

Figures 8(a-c) show the effect of broadband sound on the impedance of the A, B and C
perforate resonators as measured in the NASA LaRC Impedance Tube facility. The resonators
were exposed to broadband SPLs of 100 and 110 dB over the frequency range 200 - 3000 Hz.

The measurements showed all three resonators were insensitive to SPL. It is important to point
out that the derivation of the impedance model was based upon harmonically generated
measurements obtained in the HAE Wind Tunnel Facility over the test frequency range 500 -
800 Hz. The accurate prediction of the broadband impedance measurements obtained in the
NASA LaRC Impedance Tube Facility over the frequency range 200 - 3000 Hz further validates
the model.

IV. CONCLUDING REMARKS

The design of sound absorbing liners for aircraft turbofan engines applications requires the liner
weight, size and cost to be minimized and its absorption efficiency maximized. Because of the

large number of parameters that characterize aircraft liners, this represents a formidable
engineering effort. Aircraft liners are influenced by (1) mean flow speed, (2) mean flow speed
boundary-layer thickness, (4) duct size, (4) sound amplitude, (5) sound frequency, (6) face-plate
thickness, (7) cavity depth, (8) cavity cross-section area, (9) perforate width, (10)perorate
length and (11) number of perforates. Three of these parameters can be eliminated with linear

liners whose impedance are insensitive to the effects of grazing flow speed, grazing flow
boundary-layer thickness and sound pressure amplitude.

The value of the impedance model is demonstrated below by using it to design linear or almost

linear sound absorbing liners. The nonlinear factor (NLF) represents the industry standard for
determining the linearity of a sound absorbing liner. NLF is defined as

RocI2OO_e D

NLF- Rocl20 cm I (15)
\ sec)

where RDC represents the steady-state resistance of a liner defined as

AP
-- (16)

u

Here AP represents the steady-state pressure drop across the liner and u, the spatial averaged
fluid velocity approaching the liner. Roc is usually measured in a flow duct.

To provide guidelines for the design of liners having NLF < 1.5, the perforate resonator
impedance is assumed to be tuned so that the reactance vanishes and the resonator impedance
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simplifies to

_ _ u. 'oc_ +I;l
(17)

Comparing Eq. (17) to (16), it is clear that the acoustic pressure and velocity P_= and u_c
assume the role of the steady-state AP and u. With this understanding, the acoustic analogue

of Eq. (15) is

R.,s(200 c___)

NLF- R,=(2O cm I (18)
_. sec)

Assuming u_ represents the root-mean-square (rms) acoustic particle velocity approaching a
perforate resonator, the following relationship between resonator geometry and incident sound
pressure amplitude P,=follows from Eq. (17),

Pi._ Pi= a 1 Pi= a

U"c - Rres ") pC - ui"c _ + --o" -'_ + (19)

Rearranging Eq. (19) to solve for the required incident sound pressure amplitude P_c yields

(20)

The final expression for the NLF follows by substituting Eq. (20) into Eq. (13) and substituting
the resulting expression inot Eq. (18) to yield, after some algebra,

oo.7C,_co){c o ,ro:,_col}corn,2c C7 L2oo+--_-_ +
NLF = (21)

<,,<,..i(.,_Co3j¢,,o_,r<,<>-..,-col} ¢<,o-_l_--_+ c-_ ){tc) L-_ _ co +\2c)

The following sample calculation demonstrates the value of the model is designing liners having
NLF < 1.5. Assume a liner has the following geometric and fluid properties: face-plate
thickness _ = 0.04-inches, cavity depth I__ = 1.5-inches, cavity diameter D=,, = 0.375-inches,
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perforatelengthL = 0.35-inchesand perforateopen area ratiosa = 0.04, 0.08, 0.12 and 0.16,

fluid density p = 0.0012 gm/cm 3, fluid sound speed c = 34,000 cm/sec and fluid viscosityv -
0.15 cm2/sec.

Figure 10 shows the results of substituting these values intoEq. (21) as a function of the ratio of
perforate width-to-face-sheet thickness, Wit. In interpreting Figure 10, the following relationship
between number of perforates N, perforate width W, perforate length L and cavity cross-section
area S=,, = _D=,,2/4 was used,

NWL oS=v
c - -_ N - (22)

S=v WL

Referring to Eq. (22), small values of W/_ for fixed values of o and t require large numbers of

perforates. Conversely, large values of W/_ require small numbers of perforates. For values of
W/-c > 0.1, the number of perforates N < 10 which is less than the number of perforates used in

the derivation of the perforate impedance model (see Table I). For this reason, the accuracy of
Figure 10 is not known for values of W/_ > 0.1.
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1. INTRODUCTION

This report addresses some of the important issues associated with understanding the

acoustic behavior of Helmholtz resonators used to suppress aircraft engine noise. A

semi-empirical fluid mechanical model has been derived to predict the acoustic behavior

of thin-walled, single-orifice Helmholtz resonators in the presence of high speed grazing
flow and intense sound.

The report is organized as follows. A review of previous investigations of intense sound

and high speed grazing flow on the acoustic behavior of Helmholtz resonators is

presented in Section 2. The findings of a flow visualization investigation of the effects of

high intensity sound on the acoustic jetting from a resonator orifice is presented in

Section 3. The grazing flow resonator impedance model is derived in Section 4 and

predicted results are compared to experimental data in Section 5. The report closes with

a summary of the important findings of the investigation in Section 6. Appendix A

contains a Fortran code of resonator face-sheet impedance as a function of incident

particle velocity.

2. REVIEW OF PREVIOUS RESONATOR INVESTIGATIONS

2.1 Non-Grazing Flow Investigations

Rayleigh 1 credits Helmholtz as the originator of the first theoretical analysis describing

the acoustic behavior of small cavity-backed resonators. In a recent paper, Junger 2

reviewed briefly the historical use of the Helmholtz resonator. Apparently, they were

used by the Greeks to provide reverberation in open-air theaters. They were also used

in Swedish and Danish churches as early as the thirteenth century.

Rayleigh predicted the impedance of cavity-backed orifices by using the concept of

lumped elements in a simple slug-mass mechanical oscillator analogy. He assumed that

the total mass excited by incident sound pressure waves consisted of the mass within

the orifice plus additional masses on both sides of the orifice, called the end correction

mass (de). The derivation of the lumped (slug-mass) element model is based upon the

assumption that harmonic sound waves excite one-dimensional oscillatory motion into

and out-of the resonator cavity. The derivation assumes that the fluid displacement -

and its derivatives - are linearly related to the incident sound pressure. CrandalP used

modem fluid mechanical ideas to solve for the frictional losses in a very thick face-sheet

wall containing a small diameter orifice. Later, Ingard' modified Crandall's solution by

including additional terms due to frictional losses over the wall containing the orifice.

In 1935, Sivian 5 observed that at high sound pressure amplitudes, the impedance of

Helmholtz resonators were not constant, but were instead strongly affected by the

amplitude of the incident sound pressure. He observed experimentally that the acoustic
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resistances of Helmholtz resonators are proportional to the acoustic particle velocity

within the orifice. Sivian's findings prompted a variety of theoretical and experimental

studies to understand and predict the behavior of Helmholtz resonators at high sound

pressure levels (SPLs). Mellin 6 reviewed the historical development of many of these

studies through 1973. In terms of predicting the nonlinear behavior of Helmholtz

resonators, the works of Ingard and Ising 7, Sirignano 8, Zinn 9, Hersh and Rogers 1°, Hersh
13-15

and Walker "'_2 and Cummings are particularly important.

Ingard and Ising conducted a detailed experimental investigation of the nonlinear

acoustic behavior of an isolated orifice. By measuring simultaneously the amplitude and

phase of the sound pressure within the cavity and the particle velocity within the orifice

(using a hot wire apparatus), they concluded that for low cavity SPLs, the orifice

resistance and reactance were in essential agreement with that predicted by Rayleigh's

slug-mass model. At high cavity SPLs, however, their measurements showed that the

odfice resistance varied linearly with orifice (centerline) particle velocity and the

corresponding orifice reactance decreased to almost one-half its linear value, ingard

and Ising interpreted the orifice resistance data in terms of Bemouilli's Law suggesting

that the flow behavior through the orifice is quasi-steady. The hot-wire measurements

indicated that at high SPLs, the flow separates at the orifice forming a high velocity jet.

Thus during the in-flow half-cycle, the flow incident to the orifice is irrotational, but is

highly rotational (in the form of jetting) after exiting from the orifice. During the other half

of the cycle, the flow pattern is reversed. The loss of one-half of the reactance at these

high pressure levels was accounted for by assuming that one-half of the end correction

is "blown" away by the exiting jet (in their experiments _/d << 1, hence most of the orifice

inertia reactance is due to the end correction). Ingard and Ising also measured the

particle velocity as a function of axial distance from the orifice. They found that the inflow

velocity rapidly decayed to very small values at distances of about two to three diameters

from the orifice. This suggested that the near field effects of an orifice extends only to
these distances.

Initially Sirignano and later Zinn, recognizing that Rayleigh's slug-mass model was

incapable of accounting for the jetting of fluid from the orifice, used fluid mechanical

concepts to predict the behavior of the Helmholtz resonator. To simplify their models,

they assumed that the characteristic dimensions of both the orifice and cavity were very

much smaller than the incident acoustic wavelength and, further, that the acoustic flow

through the orifice was one-dimensional, incompressible, quasi-steady and calorically

perfect. Both authors based their models on an integral formulation of the conservation

of mass and momentum applied to two control volumes, one being the volume bounded

by the orifice inlet and outlet surfaces and the other the cavity. To solve these integrals,

they used the method of successive approximations with the first-order solution

corresponding to the linear case of very small sound pressures incident to an orifice.

The orifice nonlinear behavior was introduced through the higher order terms and

represents only a second order approximation to the (linear) first order solution.
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Hersh and Rogersassumedthat the acoustic inflow in the immediatevicinity of an
orificecan be modeledas locallyspherical. By appropriatelynormalizingor scalingthe
acoustic pressureand velocitychangesnear the orifice, they demonstratedthat the
acousticparticlevelocitybehavedto first approximationas an unsteady,incompressible
flow. Froma physicalpoint-of-view,thisappearsreasonablebecauseIngardand Ising's
test resultsshowedthat largechangesin acousticpressureand velocityoccurredover
distanceson the order of severalorifice diameters. Sincethe orifice diameter is very
much smaller than the wavelengthof the incidentsoundwave, the changesmust be
hydrodynamicrather than acoustic. One of the importantfindingsof their analysis is
that their modelestablishedexplicitlythe quasi-steadybehaviorof orifices exposedto
intense sound pressures. Hersh and Rogers were able to correlate the acoustic
measurementsof Ingardand Isingof the impedanceof an orificeexposedto nonlinear
incident sound in air with the measurementsof Thurstonis who measured the

impedanceof anorificeinwater.

Hersh and Walker extendedthe approachadoptedby Hershand Rogers to derive a
semi-empiricalfluid mechanicalmodelof the acousticbehaviorof Helmholtzresonators
consistingof single (circular)orifices. Theirmodelassumes(1) that the soundparticle
velocityapproachesthe orificein a sphericalmannerand (2) that the acousticpressure
and density are adiabaticallyrelated. The sound pressuresoutside and inside the
resonatorwere connectedby solving the governingoscillatingmass and momentum
conservation equations. They derived approximate expressions for the acoustic
resistanceand reactanceof singleorifice Helmholtzresonatorsthat agreed well with
data. One of the limitationsof their model was that it was restricted to values of
frequencyvery nearresonance.

Cummingset. al. investigatedthe acousticbehaviorof orificesexposedto intensesound
pressureamplitudes. He showed that the loss of acousticpower at the orifice was
consistentwith thekineticenergylossof twotrainsof ringvorticesshedalternatelyfrom
bothsidesof theorifice.

2.2 Grazing Flow Investigations

Studies of the effects of grazing flow on the acoustic impedance of Helmholtz

resonators began in earnest with the early work of Mechel, Mertens and Schlilz 17. Later,

Phillips TM, Ronneberger 19 and Dean 2° showed that relative to their zero grazing flow

values, the effects of grazing flow were to increase resistance and decrease reactance.
Dean noted that some of the resonators exhibited an increase in reactance with grazing

flow while others exhibited a decrease. He offered no explanation for this.

Starting in the mid-1970s, a large number of research papers on the impedance of

Helmholtz resonators exposed to grazing flow were published in the open literature 2_28.

All of them investigated the effects of flow on the impedance of Helmholtz resonators
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consistingof cavity-backedcircularorificesandhaveaddedgreatlyto our understanding
of their acousticbehavior.

Rogersand Hersh 21 correlated measurements of the steady-state resistance of isolated

square-edged orifices in a grazing flow environment in terms of an effective orifice

discharge coefficient. By introducing a simple inviscid model based on thin airfoil theory

to account for the interaction between the grazing flow and the orifice inflow and outflow,

they showed that the discharge coefficient decreased to very small values relative to its

zero grazing flow speed values. They also showed by means of simple flow

visualization techniques that the reduction in discharge coefficient resulted from a

blockage of the orifice area by interaction between the grazing flow and the orifice inflow

and outflow in the form of complicated eddies.

Based on the initial success of the work by Rogers and Hersh, Baumeister and Rice 21

conducted a very detailed visual study of interaction between a steady-state grazing flow

and a harmonically excited cavity sound field. Flow visualization was achieved by

constructing a flow channel and a single orifice side branch Helmholtz resonator out of

plexiglass and using water as the fluid medium. An oscillatory flow was applied to the

resonator cavity and color dyes were injected in both the orifice and the grazing flow.

High speed cameras were used to record the motion of the fluid. Figure 1 is a

photograph of the interaction between grazing flow and nonlinear sound near a

resonator orifice. An important finding of their study is that interaction between the

steady-state grazing flow and the oscillating orifice inflow and outflows occurred at the

downstream lip of the orifice. This interaction acted to reduce the orifice effective open

area. The flow visualization study illustrated the complexity of the interaction between

the grazing flow and the incident sound field. During the inflow half-cycles, the grazing

flow is deflected laterally into the cavity forming the vena-contracta shown. During

outflow, an equal amount of sound particle volume flow is pumped out of the cavity. In

both cases, the effective area through which the sound particle volume flow enters and

exits the cavity appears to be less than the orifice area. The photographs suggest that

the sound particle velocity field separates at the orifice upstream lip - it enters and exits

the cavity near the orifice downstream lip.

Hersh and Walker 23 undertook an extensive investigation of the effects of grazing flow

on the acoustic impedance of Helmholtz resonators. They developed a semi-empirical

model of the acoustic behavior of single-orifice, thin-walled resonators. Their model was

motivated by the flow visualization study by Baumeister and Rice and upon the earlier

models of Rogers and Hersh 24. Recognizing that a detailed solution of the interaction

was not practical, a semi-empirical solution was sought which assumed that during the

inflow half-cycle, the sound particle enters the resonator cavity in a spherically

symmetric manner. Hersh and Walker derived a semi-empirical model of the acoustic

discharge coefficient which is a measure of the rate at which acoustic velocity is

pumped into and out-of the cavity. At sufficiently high grazing flow speeds, the
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dischargecoefficientbecomesverysmall. Thissuggestshighacousticresistancein the
sensethatthe rateat whichtheacousticflowis pumpedintoandout of the cavity is low.
Conversely,at very low grazingflow speeds,the effectsof grazingflow are negligible.
The discharge coefficientmodel derivedby the authors was restricted, however, to
frequenciesnearresonance.

In a recentstudy,Hershand Walkerusedthe two-microphonemethodto measurethe
effects of grazing flow on the resistance and reactance of typical Helmholtz
resonators2s. The measurementsindicate that the effects of grazing flow become
importantonly above a minimumthresholdvalue. Above this thresholdspeed, the
acoustic resistance becomes almost linearly proportionalto the grazing flow and
independent of sound pressure amplitude. The corresponding reactance
measurementsshow a decreasewith grazingflow speed. Thus at very high grazing
flow speeds, the impedanceof Helmholtzresonatorsbecome linear, independentof
soundpressureamplitude.Measurementsof the resonatortunedor resonantfrequency
also showed it to increasewith grazing flow above a thresholdgrazing flow speed.
Thesefindingswereinqualitativeagreementwith theearlierfindingsof Ronneberger19.

The findings of Hersh and Walker, Baumeister and Rice and Rice were extended in later

studies by Charwat and Walker 26'27 and Kooi and Sarin 28. Charwat and Walker

conducted detailed measurements of the time-dependent velocities inside and outside

the opening of an acoustically excited, two-dimensional Helmholtz resonator imbedded

in a grazing flow. Using hot-wire anemometry techniques, the unsteady local

perturbation velocity field measurements suggested the existence of a pulsating source

and a coherently pulsating vortex pair downstream of the orifice, with the wall as a plane

of symmetry.

Kooi and Sarin used the two-microphone method to measure the effects of flow on the

acoustic resistance and reactance of locally reacting perforate plate liners. Different

boundary-layer velocity distributions were obtained by injecting air upstream of the

perforates. They were unable to correlate the impedance solely in terms of mean flow.

Instead, they proposed an empirical correlation in terms of a Strouhal number based on

the skin friction velocity of the turbulent boundary layer. In contrast to the findings of

Hersh and Walker, Kooi and Sarin found the acoustic resistance to decrease somewhat

with increasing frequency.

2.3 Resonator Self-Noise Investigations

The self-noise generated from cavities and Helmholtz resonators exposed to grazing

flow has been of considerable interest over the past approximate thirty years. Most of

the early researchers concentrated on understanding the physical mechanisms

responsible for aerodynamically induced pressure oscillations in shallow and deep

cavities exposed to turbulent grazing flows 2935. These studies were then used to model
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and explainthe mechanismsresponsiblefor the self-noisegeneratedfrom Helmholtz
resonatorsexposedto grazingflows.

Applyingthe ideas put fourth by Rossiter 29, Heller and Bliss 3°, Bolton 31, and DeMetz and

Farabee 32, the shear layer formed at the orifice upstream separation point is believed to

generate wave-like motion due to its inherent instability. These wave-like motions

generate fluctuating mass addition and removal to the cavity of a Helmholtz resonator.

Assuming that the frequency at which this occurs is proportional to V/don, then self-noise

is generated when this frequency coincides with the natural resonant frequency of the

resonator. The Strouhal number, defined as St = fLdo_'V, connects the grazing flow

speed at which the intensity of the self-noise is maximum to the cavity dimensions.
Experimental studies by Hersh and Walker 23and Bolton 31for grazing flow over circular

orifices and two-dimensional slots respectively, show that St =. 0.25 - 0.26 is valid for

both geometries.

In a series of two unique and outstanding companion papers, Nelson, Haliwell and

goak 33'34,conducted detailed measurements of the vortical and acoustic flow fields in

the neck of a Helmholtz resonator exposed to grazing flow and introduced theoretical

concepts different from the usual instability wave-like models used by other investigators

to interpret their data. Oil was injected on the topside surface upstream of the resonator

neck allowing photographs to be taken of the instantaneous flow field. When the

resonator was "singing", a stroboscope light was used to illuminate the neck region.

The photographs show that the periodic formation of discrete vortices near the upstream

lip grow in size as they are convected towards the downstream lip. The photographs

also show that the shear layer at the upstream lip always leaves tangentially implying
that the Kutta condition is satisfied at this location. The authors also conducted LDV

measurements to obtain power spectra of the horizontal and vertical velocity fluctuations

in the resonator slot. The maximum values of the vertical velocity fluctuations were

found to occur near the downstream region of the slot. These findings are consistent

with the findings of Baumeister and Rice.

To interpret their measurements, Nelson, et al. explained their measurements in terms

of two velocity fields: a rotational velocity field induced by the vorticity in the mean flow

and an irrotational (potential) velocity field associated with the acoustic field. By

assuming a distribution or train of tightly packed vortices across the resonator neck, the

strength of which was determined by the grazing flow, the authors were able to predict

the measured mean and fluctuating vortical velocity fields with reasonable accuracy.

The Coriolis force due to the unsteady potential flow was found to be the principal term

in the linearized conservation of momentum which was not directly balanced by a

fluctuating pressure gradient. The predicted acceleration of the vortices using the

Coriolis force at the downstream lip was in excellent agreement with measurements.

One of the more interesting conclusions of their analysis was the conversion of mean

energy into acoustic energy near the downstream lip of the orifice. This conversion of
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energy is believed to be related to the fluctuatingCoriolis forces caused by the
interactionof streamwiseconvectedvorticitywithuniformtransversefluctuatingpotential
flow. A final conclusionis that the Kuttaconditiondeterminesthe relationshipbetween
the amplitudeof the reciprocatingpotential flow and the degree of concentrationof
vorticityin the unstablevortexsheet.

Worrakerand Hallilwell3Semployeda combinationof probe microphone,hot-wire and
LDVmeasurementsto mapout the instantaneouspressureandvelocitiesnear and in a
cavity-backedrectangularslot locatedin the wallof a windtunnel. Measurementswere
recordedfor soundpressurelevelsas highas 130dB, grazingflow Machnumbersup to
0.5 and turbulence intensitieslevels up to 12%. The authors were interested in
interpretingtheirmeasurementsin termsof the existingtheoreticalmodelsof the effects
of grazingflow on the impedanceof cavity backedorifices. They concludedthat the
existingtheorieswere inadequatein explainingor predictingthe measurementsand that
thetheoreticalconceptsintroducedby Nelsonet al.warrantfurtherstudy.

3. FLOW VISUALIZATION EXPERIMENTS

The hot-wire tests conducted by Ingard and Ising z suggested that at high SPLs, intense

jets of fluid are ejected from the orifice of a Helmholtz resonator during the outflow half-

cycle. Since Helmholtz resonators are often used to suppress sound in aircraft engine

nacelles, it is possible that acoustic jetting may significantly increase local boundary-

layer thickness and hence static pressure losses. To explore this possibility, an

experimental program was undertaken to visualize the acoustic flow field near the

orifice.

The experimental program consisted of mounting a resonator face-sheet flush to the

bottom of a Plexiglas constructed 12.7 cm wide by 25.4 cm high wind tunnel test section

as shown schematically in Figure 2. Acoustic excitation of the resonator was generated

from a high intensity loudspeaker, flush mounted in the top of the test section. The

loudspeaker was powered by a 100 watt amplifier. The resonator cavity was partially

immersed in a bath of liquid nitrogen. This reduced the temperature of the resonator

face-plate so that the moisture in the air near the orifice condensed into small particles

of ice. Flow visualization was achieved by shining a flashlight into the region

surrounding the orifice.

Figures 3(a-d) demonstrate that the penetration distance of the ice particles into the

wind tunnel test section was strongly dependent upon the amplitude of the sound

incident to the resonator. Although it is not possible to observe from Figure 3d, the ice

particles violently impacted against the top of the wind tunnel test section wall which was
located a distance of 25.4 cm from the orifice. The orifice diameter was 0.9525 cm

which represents a non-dimensional penetration distance of approximately 27:1. Since

the ice particles are quite large and heavy, it is reasonable to surmise that the
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penetrationdistanceof the ejectedsoundparticleflowwason the orderof 100:1. Since
SPLsin aircraftnacellesareoftenon the order 140-160dB, it is reasonableto conclude
thatthe soundparticleflowsejectedfrom a resonatororifice will penetratewell into the
nacelle interior. Although the actual penetrationwill undoubtedlybe substantially
reducedby meanflow within the nacelle,the influenceof the localwall soundpressure
fielduponstaticpressurelosseswithinthenacelleis notknown.

4. SEMI-EMPIRICAL MODEL

Motivated by the above findings, a semi-empirical fluid mechanical model has been

derived which assumes that during the inflow half-cycle, the sound particle enters the

resonator cavity in the spherical radial symmetric manner shown in Figure 4. To avoid

the singularity at r* - 0, the inflow is truncated at the radius r* = L* [the ( )* notation

denotes dimensional quantities]. The functional dependency of L* will be determined

experimentally.

The spherical inflow model is valid only during the half-cycle when the incident sound

particle velocity is approaching the orifice - it is not valid during the other half-cycle when

the sound is ejected from the orifice. Both the hot wire measurements by Ingard and

Ising and the flow visualization tests described in Section 3 show that the sound particle

velocity is ejected from the orifice in a jet-like manner. The restriction of the model to

inflow only is not unduly limiting, however, because the quantity of particle flow pumped

into and out-of the resonator cavity should be equal over a sound period. Thus an

approximate solution over a half-cycle should result in an approximate solution over the

entire cycle. Although the spherical inflow model could be applied on the cavity side of

the orifice during the out-flow half-cycle, this approach was not pursued.

The fluctuating continuity and momentum conservation equations describing the motion

of a harmonically driven sound particle velocity field are derived. Following this, the

equations of motion are normalized by appropriately scaling the dependent and

independent variables. The resulting equations are then simplified by retaining only the

important terms. The simplified equations of motion are solved subject to satisfying two

boundary conditions. One is that the fluctuating pressure must merge smoothly

(asymptotically) into the incident driving pressure. The other is that at the hemispherical

surface r* = L* (see Figure 4b), the instantaneous area-averaged sound pressure must

be equal to the instantaneous cavity pressure.

4.1 Derivation of Governing Equations.

The derivation of the governing equations is based upon the following assumptions.

The flow field is decomposed into uniform and fluctuating components. The incident

sound particle velocity field approaches the resonator orifice in a spherically symmetric

manner. The incident sound is harmonically excited with a wavelength very much larger
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than the cavitydimensions.The acoustic pressure and density are adiabatically related.

The fluid obeys the perfect gas law. Finally, the resonator cavity response is governed

by one-dimensional acoustic wave motion.

The governing acoustic, continuity and momentum conservation equations (the energy

equation is replaced by the adiabatic connection between acoustic pressure and

density) are non-dimensional by introducing the reference quantities _', L°, I P_'I, and

l uL'l. The undefined radius L* was used to normalize r* rather than the orifice diameter

because of the freedom to use experimental data to define it. It will be shown later that

this parameter is related to the resonator orifice inertia length. The acoustic particle

velocity amplitude is unknown and assumed to be equal to the amplitude of the sound

particle velocity in the orifice vena contracta region shown schematically in Figure 3b.

These two undefined parameters will be shown later to be essential elements in the

development of the empirical model.

The solution to the following spherical mass and momentum conservation equations are

sought,

" 1
_.P]+,,:,',l'.---c_.f,-":v;/+. i . _[sin(e)v;l+ ' _; l
a, {, _ ' ' r .i.Ce)ae" • r'&(e) _-J

+ v; ,Woo" v; ap" =o
ae+,-'sin(e)a_

(I)

and

o_; o_; v;w; v; _; (v2+v;') _.
p'-_. +v; + _ = .-_- r" o_8 r'sin(8) o_ r" p dr"

+ lz L_l'i'-_'l'tr ,.',_7.(o)_ j

(2)

The fluid, mean flow and acoustic quantities are divided into the following mean and

acoustic components,

,7.: (3a)

,e

P" = Po"+ P"; P" = Po + _ (3b,c)
CO

To simplify the notation, the ( ' ) notation denoting acoustic quantities will be omitted.

The mean flow components (U,',U,',U,') are defined in Figure 3a as

(U;,U;,U',)= [- V" sin(e)cos(_),- V" cos(O)cos(_),V.' sin(_)] (4)
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and thespherical acoustic particle velocity components are

=(.',0,o) m)

4.1.1 Conservation of Fluctuating Mass Flux.

Introducing the following non-dimensional quantities,

t $

r u P"

t =- o)'t'; r --'_'; u - _ P - lp.
t_c

(6)

into the fluctuating conservation of continuity equation yields respectively after some

simplification,
q

For many aircraft engine applications, the amplitudes of the acoustic pressures are

usually less than about 1% of the mean pressure (roughly 154 dB at ambient

atmospheric conditions). The corresponding frequencies are usually less than 6,000 Hz

and typical orifice dimensions are also often less than one cm. It will be shown later that

at high sound pressures, L*/de* < 0 (1). With these constraints, the following inequalities

are valid,

i_,.,._.._.____<< I; (w L Ir In,,:t 1
p;c7 t,7 TJL J

<< l (8a,b)

The inequalities of Eq. (8) simplify the continuity equation to

0 : F(9,t) (9)
_(r u)=O --> u(r,a,t)= r2

where the negative sign denotes inflow in a spherical coordinate system. The simplified

continuity equation shows that to lowest order, fluid is pumped into and out-of the cavity

in an unsteady, incompressible manner. This is consistent with both the interpretation

that significant flow field changes occur over distances small relative to the incident

sound wavelength and the experimental findings of Ingard and Ising. Under these

conditions, flow field changes occur hydrodynamically rather than acoustically.
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4.1.2 Conservation of Fluctuating Radial Momentum Flux.

Substituting Eqs. (3-6) into Eq. (2) yields, after some simplification,

' ""
Po &

- & ]7-_[, r -_ + r =sin(0)N sin(0)_-

(10)

where only acoustic terms are retained and the parameters e and [3are defined as

*1 *21
_ P01uLI w'L"

ip,.cl I,;I (1 1a,b)

Equation (10) is further simplified by substituting Eq. (9) for u to yield

p aF(e t) [- = ' +e v sin(e)cos(¢)+
r Bt

- r4R, sin(P)o_O sin(P) BO

F(O,,)1 apr 2 + Br -
(12)

Observe that Eq. (12) is nonlinear with respect to both time and amplitude. Its solution

is divided into three regimes. The first consists of the low amplitude behavior of

resonators in the absence of grazing flow. The second addresses resonator high

amplitude behavior and the third solves for the effect of grazing flow.

4.2 Non-Grazing Flow, Low Amplitude Solution

Assuming that both V = 0 and the amplitude of the incident sound field is sufficiently

low that quadratic velocity terms are negligible, Eq. (12) simplifies to

OF(O,t)-
efl OF(O,t) BP e O sin(O)
r2 & 4 oar = r4 R, sin(O) BO O0

(13)

The right-hand-side (RHS) of Eq. (13) represents the contribution of viscous scrubbing

losses on the resonator face-plate. A boundary-layer type solution is sought by solving

the inviscid solution for the driving pressure gradient aP,dar and then solving the

viscous equations within the boundary layer. The inviscid solution is based upon the

following simplifications. First, the RHS of Eq. (13) vanishes in accord with the

assumption that the fluid is inviscid (i.e., _" = 0). Second, the driving sound pressure

field is assumed to be harmonic. These assumptions lead to F(e, t) = Ae _twhere A is the
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(complex) amplitude of the oscillating sound particle velocity (independent of e) in the

resonator orifice. Solving the resulting equation for aP_jar yields

cgP,,,, . e_Ae i'
-, (14)

6_r r 2

The viscous solution is found by setting F(e, t) = Ae_f(e) and substituting Eq. (14) into

Eq. (13) to yield

eBAe" ore i' d .
i2-_[1- f(O)]= r'R,_m(O)ff# [s'n(o)f(O)] (15)

A boundary-layer solution to Eq. (15) is sought by assuming that the viscous effects are

localized near the face-plate wall where O is almost equal to =/2 (see Figure 4a).

Introducing the boundary-layer coordinate vI = Rel/2r(=/2 - 0) into Eq. (15), assuming fie)
= f(TI) yields

f "(17)- iflf (rl) + ifl = O (16)

The solution to Eq. (I 6) subject to the boundary conditions f(O) = 0 (the usual no-slip
boundary condition) and f(O) = I is

f (r/) = B[l-e -4_" ] (17)

where B is an unknown parameter to be defined experimentally.

One of the important effects of viscosity is to reduce the sound particle velocity mass

flux into the resonator orifice. This can be estimated in terms of the acoustic boundary-
layer displacement parameter 8"DSPdefined as

1 ¢._,- .

u;,,Sz)se"=-I-'im.._,__-" _ tu,,v -u;,]d(r'(_tU_,)

where g = =/2 - 0. Using Eq. (6) to non-dimensionalize Eq. (18) and solving for 8osp
yields

1 = l

- !ox,[-

(18)

(19)

The parameter 8osp is a measure of the loss of sound particle velocity due to the fluid
viscosity near the face-plate surface.
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The final equation governing the motion of the sound particle velocity field within the

orifice follows by introducing the above boundary-layer concepts into Eq. (13). This was

accomplished by first replacing the viscous velocity term F(e,t) of Equation (13) by its

inviscid equivalent F(e, t) = Ae _t. The viscous term on the RHS of Eq. (_13) was replaced

by the approximate expression (_SospA)e_tf"(0)where _3DspArepresents the mass flux loss

caused by boundary layer effects and f"(0) was estimated from Eq. (17). Incorporating

these assumptions into Eq. (13) results in the simplified expression

ie1_Ae"cgP e(ASDsp)Be" =
r 2 + o3r - r2

EABe" .[fl(1 +i) = cABe i' . +0.455i)_/._._.__
r _ _ 2R, _11 _2R,

(20)

Equation (20) can be integrated with respect to r to yield

+ P(r,t)-_ eABe _(13 + 0.455i) f"fl"
r '.__" =G(t)

(21)

where G(t) is an arbitrary function of time.

4.2.1 Boundary Conditions

The solution to Eq. (21) requires that the function G(t) and the acoustic pressure P(r,t)

be known. They are determined from two boundary conditions. The first requires the

local pressure P(r,t) to merge smoothly (asymptotically) into the (non-dimensional)

incident driving sound pressure,

From Eq. (21), this yields

l.J'm P(r,t ) = e" (22a)
r.-+_,

G(t)= e" (22b)

Substituting Eq. (22b) into Eq. (21), the radial momentum equation governing the motion

of the sound particle velocity in the resonator orifice becomes

iel_Ae" eABe" (1.1+ 0.455i)+ P(r,t)+ = e" (23)
• •

The second boundary condition is imposed by the requirement that the incident sound

pressure averaged over the hemisphere r" = L" must equal the resonator cavity sound

pressure. The resonator cavity sound pressure is predicted from the one-dimensional

wave equation. With this understanding, the second boundary condition may be written

in the following dimensional form as
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P'(E,t')= Pc'_v=-ipoc'o(_U'Llcot(k'L'_,,. ) (24a)

The non-dimensional form of Eq. (24a) follows by substituting Eq. (6) to yield

P(1,t)=-iefl_.Ae" ; to- C_ " ( l'. __ooCoGCot,k'_,o,, (24b,c)
of L"

At very low sound pressure amplitudes, the orifice discharge coefficient CD0 = 1.

Substituting Eq. (24b,c) into Eq. (23) yields the following expression for the non-

dimensional sound particle velocity in the resonator orifice,

u,(l,t)=-Ae" =
e" (25)

The impedance Z" of a Helmholtz resonator excited by the incident harmonic sound

wave I P'i,_ l e i_'r is defined as

I scl IP,:J .:J=4uZl (26)z"- (- .:or)- I-u;ovl- 4- uzl'

The normalized impedance follows by substituting Eqs. (11) & (25) into Eq. (26) to yield,

after some algebra,

Z ° 1 [lIB _ Fw'd,'. r)+O.455B F]I-'=-r = --t--al-:'_ +i/-- (1- (27)

Observe that the resistance displays the classical _/v'm° behavior characteristic of low

amplitude frictional scrubbing losses over thin-walled resonator configurations.

4.3 Non-Grazing Flow, High Amplitude Solution

The high amplitude (nonlinear) behavior of Helmholtz resonators is predicted from Eq.
(12). Setting V = 0 and assuming that the RHS of Eq. (20) models the effects of

viscosity, Eq. (12) may be written

i_flAe" r Ae" 1 a r Ae" 1 _ £ABe"dr; (L1+0.455i) (28)

In deriving Eq. (28), it was assumed that F(r,e,t) = F(r,t) = Ae" which is consistent with a

boundary-layer type solution. Observe that the second term on the LHS of Eq. (28) is

nonlinear with respect to time. A rather straight-forward scheme is proposed to simplify
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Eq. (28). It consists of assuming that the coefficient of the second term on the LHS of

Eq. (28) can be replaced by a term equal to the root-mean-square of the orifice particle

velocity, time-averaged over a typical steady-state acoustic period or cycle. This

assumption leads to the following simplified model equation of the orifice particle
velocity,

i£flAe" . _ A l O r Ae" ] d-P gABe" _2_,r 2 -L_J-_L;3-I + _ "= r: (].] + 0.455i)
(28a)

Observe that Eq. (28a) is now linear with respect to time, proportional to e_t. It is,

however, still quadratic with respect to the parameter A.

Integrating Eq. (28a) with respect to r yields

r _ _ + P(r,t)+----_(1.1+0.455i = G(t) (29)

Applying the two boundary conditions described by Eqs. (22b) and (24b) at r = 1 results

in the following nonlinear conservation of radial momentum equation governing the

motion of the sound particle velocity field jetting into and out-of the resonator orifice,

A 2+ 2(F0 +iHo)A-2=O (30)
£

where the parameters Fo and H0 are defined as,

F o-=l.lB 2_R; H o -- ,8(1 - x')+ 0.455B_/-_R "
(31a,b)

The solution to Eq. (30) produces the following estimate of the sound particle velocity in
the resonator orifice,

Although the detail structure of the pumping of sound particle volume flow into and out-

of the orifice is not symmetrical, Eq. (32) is assumed to be valid over an entire cycle. As

discussed earlier, this is based upon the assumption that over long time periods relative

to the incident sound period, the time-averaged volume inflow and out-flow must be

symmetrical over a cycle to insure that the mean cavity pressure is constant,
independent of time.

The resonator impedance is normalized by po'oX'de" instead of the traditional po'Co°.

Although normalizing the impedance by po°Co"is a well established procedure, it provides
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little insight into the basic acoustic behavior of Helmholtz resonators. The motivation

here is that normalizing the resonator impedance by po'ok'de" may result in a universal

normalization for different sized resonators.

Following the procedure described in Section 3.2 above, the following expression for the
• * • •

normalized resonator impedance Z/Po ak de is derived,

Z" 1
m

l,r t,,:,]+r,o+,,ol'+r,o+,,oll(33)

where fo and go are defined as

(34a)

and '

ho - - I¢) + 0.455 r.o
_,o_L,)La, ) cola, v z

(34b)

Here Lo" represents the orifice inertial length at high sound pressure amplitudes and CDo

represents the orifice discharge coefficient defined as

luZl-coolu;=,_coolu: (34c)

Equation (34c) allows the interpretation of l uL'l as the sound particle velocity in the

orifice vena-contracta. The nonlinear character of Eq. (33) can best be illustrated by

considering the special case of resonance where the reactance vanishes (i.e., ho = 0)

yielding

(35)

At very high sound pressure amplitudes, the viscous scrubbing losses are negligible and

the tuned resistance further simplifies to

' /'V, cll
.:-_-;d:- _o 3/_L.:(_:)=J

(35a)
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Equation(35a) showsthat the tuned resistanceis highlynonlinear,proportionalto the
square-rootof the amplitudeof the incidentsoundpressureand inverselyproportionalto
the productof the acousticdischargecoefficientandtheorificeopenarea ratio.

4.4 Grazing Flow Solution

The solution to Eq. (12) predicts the effects of grazing flow on the behavior of the sound

particle velocity flow pumping into and out-of the resonator orifice. Equation (12) is

simplified by first replacing the viscous term of the RHS of Eq. (12) with the RHS of Eq.

(20) and then assuming that F(t) = Ae ". This yields

 mA," Ae"l; J

_flAe'(1.1+0.455i) _-

#P

Br
(36)

where the coefficient of the second term on the LHS of Eq. (36) has been linearized with

respect to time in the same manner as Eq. (28a). Integrating Eq. (36) with respect to r

yields

ie/ ,"r+-7-- "sm(O)c°s(*)+7+

eflAe" (1.1+ 0.455i) _/"fl--
+ ;

(37)

Equation (37) shows that one of the effects of grazing flow is to introduce the spherical

angles (6, _) which destroys radial symmetry and complicates its solution. Recall that

the second boundary condition defined by Eq. (24b) required the incident sound

pressure to be first area-averaged over the hemisphere r = 1 and then set equal to the

resonator cavity sound pressure. The flow visualization experiments of Rice and

Baumeister, shown in Figure 1, were used to formulate the following strategy to model

the effects of the asymmetry introduced by the mean flow. Figure 4 suggests that over

a typical dynamically steady-state acoustic period, grazing flow is deflected into the

resonator cavity through the orifice trailing edge region during both the inflow and out-

flow half-cycles. This behavior is modeled by the sketch of Figure 5, which shows that

inflow/out-flow pumping takes place in a pie-shaped region bounded by the angles -2_ +

¢. < _ < 2 _ - @_where ¢. is an unknown parameter to be defined experimentally.
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Introducingthe hemisphericalarea-averagedquantity,

tt

1 ,_-_- 1"

(())_= 2(/r-)_]÷dO_( )sin(O)dO
(38)

where the angle (p over the hemispherical surface at r = 1 varies from (p = (re- (p_) to (p =

-(re - (p_). It is straight forward to show that

_r

i =-_" :

((A)) E 2( a'-'q-)-'*'-' JdCJ(A)sin(O)dO=Ao
(38a)

where A is a parameter that is independent of the angles (e,(p). With this understanding,

applying Eq. (38) to Eq. (37) at r = 1 yields,

• [[Trsin(Tr-_p.)] A] _e ,+ ,..e o [fl(l+i)

iegae" +e_Ae"l[ 4___.) .JV +TI+rtr,t) e_ _1"_--_, =G(t)
(39)

It is of interest to note that by setting (1).= 0, the coefficient of the grazing flow term on

the LHS of Eq. (39) vanishes. This was the principal motivation for the introduction of

the orifice area-averaging scheme. For convenience, the grazing flow velocity

coefficient e is introduced defined as

trsin(_r- (p.) (40)
(9 --- 4(tr-(p.)

Combining Eq. (40) with the boundary conditions defined by Eqs. (22.b) and (24b)

results in the following equation governing the motion of the sound particle velocity in

the resonator orifice in the presence of grazing flow,

A2 +2(F v +iHv)A__=2 0 (41)
e

where the parameters Fv and Gv are defined as

F-E-
Fv =-O V. + 1.1B_/'--z----;

 2R, H v - fl(:- x') + 0.455B 2_R,
(42a,b)
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The solution to Eq. (41) yields the following estimate of the (non-dimensional) sound

particle velocity in the resonator orifice,

(43)

Using Eq. (43), the following expression for the normalized resonator impedance is

derived,

p;oL'd', ==G _ p;((oL'd:)2J _, 2CDo " _ 2Coo

(44)

where fv and hv are defined as

and

V" B /'_° V"
fv -O=_+l.l--:_.._l --

old , ogLd_ V 2
(45a)

og"L; _ x.) + 0.455.._..r_,, .J-_7h _ 4.a:0 (45b)

Here Lv represents the orifice inertia length parameter in the presence of grazing flow.

Observe that the impedance is divided by the zero grazing flow discharge coefficient

Coo. This is consistent with the model used to derive the grazing flow parameter e.

The sound pressure field is assumed to interact with the grazing flow to pump the

grazing flow into and out-of the resonator orifice. The model assumes that the sound

particle velocity field is independent of the grazing flow and thus is independent of the

angles (_and O.

The behaviors of the five unknown parameters, B, Coo, 0., Lo* and Lv" are determined

experimentally in Section 5 below.

5. EXPERIMENTAL PROGRAM

An experimental program was undertaken to determine the unknown parameters, B,

Coo, e, Lo" and Lv'. Extensive measurements of the impedance of the three resonators

identified in Table I were undertaken as a function of frequency, SPL and grazing flow

speed in the HAE Subsonic Wind Tunnel facility. Figure 6 is a schematic of the test

setup and data acquisition system. The resonator face-sheet was mounted flush on the

side of a 12.7 cm wide by 25.4 cm high wind tunnel test section. Acoustic excitation of

the resonator was generated from a loudspeaker mounted flush on the opposite wall of
the test section.
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The impedance of the resonators was measured using Dean's two-microphone

method =°. This method requires the simultaneous measurement of the incident and

cavity sound pressure amplitudes and their relative phases. These measurements were

obtained by mounting one microphone at the cavity base and the other flush with the

wall containing the orifice as shown in Figure 6. It is important to locate the incident

microphone sufficiently far from the orifice to avoid near field effects. The hot wire

measurements of Ingard and Ising indicated that distances on the order of about three

diameters were sufficient. On the other hand, the microphone should be located

sufficiently close so that the separation distance is small relative to the wavelength of

the incident sound field. This is necessary to insure accurate measurement of the

incident sound wave amplitude and phase.

Table I. Geometry of Test Resonators

Description dod

(inches)

Large

(inches)
L_

(inches)

Small 0.120 0.064 0.50 2.00

Middle 0.300 0.064 0.95 2.00 0.0225

0.375 0.064 1.20 0.0352

Do,v f, d,

(inches) a (Hz) (inches)

0.0036 600 0.187

• 600 0.298

2.00 423 0.378

Following Dean, the resonator normalized resistance and reactance are written

R" P_L_sin(C,,, - _,=,). X" P_L_=cos(_ - ¢_._,_,) <46)
PoCo - IP_I sin(k'L ,) ' poco- -IP l sin(k'L_,)

where _.c - ¢c_v represents the phase difference across the resonator orifice. Sound

pressures were measured inside and outside the resonators for frequencies from 400 -

900 Hz, incident SPLs from 70 - 140 dB and grazing flow speeds to 77meters/second.

Figure 6 also displays a block diagram of the data acquisition system used in the

measurement program. System components include a low distortion oscillator, power

amplifier, high-intensity loudspeaker, microphones, precision microphone amplifiers,

band-limiting filters and a HP DT-VEE Signal Analysis software, coupled to a high speed

16 channel, 12 bit high speed analog-to-digital converter. The data acquisition program

used three input channels representing signals from the two microphones and the test

oscillator reference signal.
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The oscillator reference signal and two microphone signals are digitized at a 20 kHz

sampling rate and read into data arrays of 131,072 samples each. The stored signals

are Hanning weighted and Fourier transformed into three, 65,537 line complex spectra

with 0.23 Hz resolution (0.153 Hz line spacing). The analysis line corresponding to the

spectral peak of the reference signal is used as a pointer to the desired frequency

component of the microphone signals. The amplitudes and phases of the two

microphone signals are determined from the complex spectra and corrected for a 12.5

ItS sampling delay between channels. Resistance and reactance are computed in

accordance with Eq. (46).

5.1 Parameter B.

The parameter B was determined by setting the imaginary component of Eq. (27) to

zero (resonance) resulting in the following simplified expression for the resonator tuned

resistance,

R"'Ir'-LIB,/'v;w" (47)

Equation (47) was applied to the tuned resistance data of the small and large resonator

configurations summarized in Table I and to the resonator configurations summarized in

Table II below.

Figure 7 displays measured values of B calculated using Eq. (47). The following simple

empirical curve-fit of the data was derived in terms of the ratio of plate thickness-to-

orifice diameter ratio (':/do,'),

!,,d,_,+J L d;,_J (48)
B-_-

The low amplitude impedance measurements of Ingard and Ising _ were used to

determine the behavior of B for small values of "£/do,'. Because of viscous scubbing

losses along the face-sheet, it is reasonable to assume that B reaches some limiting

constant as "£/don" --) 0. Further measurements will be required to substantiate the

behavior of B when the face-plate thickness becomes very small.
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Table II. Geometry of Resonators Used to Determine the Parameter B (Ref. 23)

No. (inches) (inches)l (inches)l (inches)l (Hz) (inches)
i i

2 0.036 0.01 1.0 0.75 495

4 0.036 0.02 1.0 0.75 416

5 0.052 0.032 0.5 1.25 428

10 0.052 0.032 1.0 0.76 493

12 0.063 0.032 0.5 1.25 485

0.043 -

0.061

0.087

0.089

0.100

5.2 Parameter CDo.

The parameter CDOwas determined by applying Eq. (35) to the tuned resistance data of

the resonators summarized in Table I and the impedance measurements of Ingard and

Ising. Substituting Eq. (48) for the parameter B into Eq. (35) and solving for C DOyields,

) (49)

where

R: I 'v" (50a,b,c)
R,, -- p,_L.a:, P,,=--- .t . .,,, Ru,, - LIB_I" ('--_'.,=p, ((DLd; ) _ 2[¢aLd; )

Figure 8 displays measured values of CDOcalculated using Eq. (49). The following

simple empirical curve-fit of the data was derived,

1+ 1+.'--7-
do,_

CD° = 1 + 4.2x + 2.3x L5+ O.02x 2 + 5.5x _ ' x (51a,b)

where P_o_is defined by Eq. (50b). Figure 8 shows that when Pnon--'> 0, CD0 --> 1 which

is consistent with the interpretation that orifice nonlinear jetting vanishes and the

resonator resistance is linear, independent of sound pressure amplitude. The

successful correlation of the data, including the resistance values of Ingard and Ising,

with the parameter Pno_lr_ demonstrates the value of non-dimensionalizing impedance

using p0"(_'de" instead of po'c0". The parameter Pnonm can be interpreted as the ratio of

two characteristic velocities, o__'de"and ( I P_" I/po') u2. Here e_.'de"represents a very low

amplitude inertia characteristic velocity in contrast to (IP,='l/po') a nonlinear

characteristic velocity.

Figure 9 shows that at high values of P_, the discharge coefficient of the small orifice
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resonator approaches, at very high sound pressure amplitudes, the classical, high

Reynolds number, steady-state value of 0.6. The reasonable behavior of the discharge

coefficient validates the simplifying assumptions used in deriving the model.

5.3 Parameter Lo°/de"

The derivation of the normalized nonlinear inertial !ength parameter Lo'/de" was

calculated by setting ho = 0 in Eq. (34b) and solving L0"/de to yield

- p°'k 7 -o.4,, (52)

Equation (52) shows explicitly through the discharge coefficient CDo, the nonlinear

coupling between the resistance and reactance. Figure 10 displays measured values of

Lo'/de'calculated using Eq. (52). Observe the excellent collapse of the data for the small,

middle'and large diameter orifice resonator configurations. This validates correlation of

the data by the non-dimensional parameter Pno,. The data shows that as Pnon-'-> 0 (i.e.,

the so-called linear regime), Lo'/de" --_ 1

Figure 11 shows that at high values of P,on, the reactance measurements for the small

diameter orifice configuration suggest that Lo'/de" < 0.5 which can be interpreted as the

"blowing away" of more than 50% of the end correction due to orifice nonlinear jetting.

This is in contrast to the claim of Ingard and Ising 11 that only one-half of the end

correction is "blown away" by orifice jetting. This interpretation is tentative, however,

because of the sparseness of the data.

A simple empirical curve-fit of the data was derived, expressed below in terms of Pnon
and -c/don,

/_._2L= (1 + P_)' p_ (53)

d; - (s + +gx'+20x')' X-r ,-.-1°.'
I+_L .;.J

Figure 12 shows that the effect of incident sound pressure amplitude on resonator high

amplitude tuned frequency fNL can be empirically correlated in terms of resonator

geometry and non-dimensional acoustic pressure P,on by the expression

i;,_: O+ ,m:Y
f_ - (1 + 2.7 P_'_.o. + 23P.0.)

(54)

Both Eq. (54) and the data show that fNL'/ft" "-_ 1 as Pno, --> 0.
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5.4 Parameter (9.

The effects of grazing flow on the parameter ®. were determined by setting hv = 0

(resonance) in Eq. (44) to yield

R. P= R.. (55)
O. = CooV,. 2CmR.V_ V.,

where Rm, P,o. and R,. are defined by Eq. (50). Based on impedance measurements,

the following correlation of the parameter ® was achieved,

+`E'+xrl;+v: (+°)
O.= • x =

l+lO00xt_+25x ''s' __

As shown in Figure 13, the data was collapsed over a very wide range of sound
pressure amplitudes, frequencies, grazing flow speeds and boundary-layer thicknesses.

Figure 14 was constructed from Eqs. (40) and (56) to connect the parameter E). to the

angle tp.. Observe that at high grazing flow speeds, ¢. = 450 which is consistent with the

orifice downstream pumping of inflow/outflow suggested by the flow visualization

photographs of Baumeister and Rice.

Boundary-Layer Measurements. The simple curve-fits of normalized boundary-layer

thickness parameter _L'/do," VS grazing flow speed shown in Figure 15e were used to

correlate the parameter e.. The curve-fits were derived from the boundary-layer

surveys shown in Figures 15(a-d).

5.5 Parameter Lv'lde"

The effect of grazing flow on the orifice inertial length parameter Lv'/de" was calculated

by setting hv = 0 in Eq. (45b) to yield

o+oo,0d:- (_L'd: 0.455 I. , , - (57)

where cores" = 2_f,,s" represents measured values of resonator tuned or resonant

frequency as a function of grazing flow. Figure 16 displays measured values of Lv'/de"

calculated using Eq. (57). The non-dimensional parameter [p0"V.'2/ I Ptnc'l] +r2was used

to collapse the data over a wide range of sound pressure amplitudes, frequencies and

grazing flow speeds.

The following rather complicated curve-fit of the data was derived in terms of the ratio
Lv'/Lo',
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= (l+7.4x3+O55x4.5), x-V Ipi'.,c

where Voon is defined by Eq. (50c). Observe that the correlation of the inertial length
parameter Lv ° is independent of the boundary-layer thickness parameter 5osp°.

Figure 17 displays measured values of the grazing flow on the inertial length parameter

Lv'/de" for the small, middle and large orifice resonator configurations tested. Note that

Lv'/de" < 0.5 for all three resonators which suggests that at high grazing flow speeds, the

interaction between the grazing flow and sound field produces intense jetting from the

orifice affecting the inertial length parameter Lv'/de" on both sides of the orifice.

Figure 18 shows that the increase of resonator tuned frequency with sound pressure

amplitude and grazing flow speed can be correlated in terms of the following empirical

expression,

| OV*2
l + lPoV-

f (0) - I+2.5 +065P.°V".
V

5.6 Comparison Between Predicted & Measured Impedance

The empirical correlation of the parameters B, Coo, O., Lo'/de" and LvVde"will now be

used to predict the impedance of the Table I resonators and the resonator tested by

Ingard and Ising. The predictions will start with non-grazing flow impedance and then

include grazing flow.

Figure 19 illustrates a fundamental problem that arose when trying to use the above

correlation's of the parameters B, Coo, (9., L0"/de" and Lv'/de" in conjunction with the

imaginary part of Eq. (33) to solve for the reactance of the small orifice resonator.

Although the predicted resistance compares well with measurements for frequencies

below resonance and moderately well above resonance, the agreement between

predicted and measured reactance is poor.

For reasons not well understood, reasonable agreement between predicted and

measured reactance was achieved for frequencies below resonance by replacing the

imaginary part of Eq. (33) with the expression,

IM[ Z_..]= X" _ ho (60)
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Equation (60) is an approximate solution to the imaginary component of Eq. (33) when

resistance is very small relative to the absolute value of reactance. To show this, the

notation of Eq. (33) is simplified by introducing the notation,

1 _ 1
(61)

which yields upon substitution into Eq. (33), the expression

, IR,+f +'hol'
po_,;a:- _ "_ _ 2Coo ) ÷ 2OCoo

(62)

At very low or high frequencies where Iho/C_ol>> RNL2 or when RNL 2 is very small, Eq.
(62) simplifies to

Z" = fo +i h'---'q-° (63)
poo,;a: - oc_o ,,Coo

Under these conditions, the normalized reactance X'/p0"(_.'de" of a resonator may be
written,

X" h0 (64)
p;_',a:--OC_o

Referring to Figure 19, the quantity ho/oCoo fits the measured reactance data very

accurately below resonance and somewhat accurately above resonance. For this

reason, Eq. (64) will be used to predict resonator reactance for both the non-grazing

flow and grazing flow models. The real component of Eqs. (33) and (44) will be used to

predict the corresponding resonator resistance.

5.6.1. Non-Grazing Flow

Figures 20(a-c) compare predicted with measured resistance and reactance,

respectively, of the small, middle and large diameter orifice resonator configurations of

Table I. Equation (33) in conjunction with the parameters B, Coo and L0"/de" predict quite
accurately the nonlinear resistive losses of all three diameter resonators over a

reasonably wide frequency and SPL range. Equation (64) also accurately predicts the
corresponding nonlinear reactance.

The impedance measurements show that resonator resistance is very sensitive to

incident sound pressure amplitude in a frequency range centered at its tuned frequency.
At frequencies very much below or above resonance, the resistance becomes

increasingly independent of SPL. This occurs because the resonator impedance is
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controlled by cavity stiffness at very low frequencies and by orifice inertia at very high

frequencies and the acoustic nonlinear jetting from the orifice is reduced accordingly.

Despite the intense nonlinear orifice jetting at high sound pressure amplitudes, both

data and the model show that resonator reactance has a profound effect upon the

resonator resistance but the resistance only negligibly affects resonator reactance. The

negligible coupling between nonlinear resistance and resonator reactance permits the

partition of reactance into the familiar inertial and stiffness components.

Using Eq. (48) to predict the parameter B and Eq. (49) to predict the parameter CDO,

Figure 21 correlates the tuned resistances of the small, middle and large orifice

resonator configurations and the resonator configuration tested by Ingard and Ising.

Observe that all the data collapsed quite accurately by normalizing the resistance by

p0"(_.'de" and plotting it against the parameter P,o, 1_. The agreement between prediction

and measurement is excellent over a wide range of resonator geometry's and sound
q

pressure amplitudes.

5.6.2 Effect of Grazing Flow

Figures 22(a,b) compare the predicted resistances and reactances of the small and

large diameter orifices defined in Table I respectively with experimental values. The

model predicted resonator impedance reasonably well over the entire range of sound

pressure amplitudes, frequencies and grazing flow speeds tested. However, the model

does not predict the measured decrease in resistance with frequency.

Figures 23(a,b,c) shows that the model accurately predicts the effect of grazing flow on
the tuned resistance of the three resonators defined in Table I. Observe that the effects

of grazing flow are small when V.'/o.__'de"< 1 and become large when V_'/0)L'de" > 1 .

Thus V.'/o_.'de" represents a useful parameter to gauge when grazing flow effects

significantly affect resonator resistance.

6. CONCLUDING REMARKS

Despite its highly simplified formulation, the impedance model is sufficiently
accurate to connect aircraft engine nacelle liner optimum impedance to single
orifice resonator geometry. The simplicity of the model permits rapid preliminary
design analyses.

The nonlinear behavior of Helmholtz resonators can be correlated in terms of

acoustic discharge coefficient and orifice inertial length parameters. Both
parameters can be described in terms of the characteristic velocities e_.de and
q I e/,cl/p0.

Nonlinear orifice jetting is most pronounced for frequencies sufficiently close to
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resonance that resonator reactance is small compared to resistance. Near
resonance, the orifice resistance is proportional to the square root of the
amplitude of the incident sound and inversely proportional to orifice discharge
coefficient. At frequencies very much below or above resonance, the resistance
becomes independent of SPL, the so-called linear regime. This occurs because
the resonator impedance is controlled by cavity stiffness at very low frequencies
and by orifice inertia at very high frequencies. Thus the strength of acoustic
nonlinear jetting from the orifice is reduced and more nearly linear resistance
behavior is displayed.

Due to the weak coupling between orifice nonlinear resistance and reactance,
the nonlinear behavior of the resonator does not prevent the familiar partition of
reactance into separate orifice inertia and cavity stiffness components.

The reduction of reactance with sound pressure amplitude was correlated in
terms of the reduction of the orifice inertia length parameter. The data supports
the interpretation initially proposed by Ingard and Ising that the "blowing away" of
the orifice inertia length by nonlinear jetting is the principal cause of the reduction
of reactance. Although not discussed by Ingard and Ising, this interpretation is
also consistent with the "blowing away" of orifice inertia length and hence
reduction of reactance by grazing flow.

The model predicted resonator impedance reasonably well over the entire range
of sound pressure amplitudes, frequencies and grazing flow speeds tested. The
effect of grazing flow was shown to be small when the parameter V/e._.de < 1
and large when V./_Lde > 1.

Flow visualization photographs show that the nonlinear behavior of Helmholtz

resonators are characterized by intense jetting of fluid from the orifice.
Penetration distances on the order of 100 orifice diameters are believed to be
generated at very high SPLs. Since SPLs in aircraft engine motors are often on
the order of 1% of the mean pressure, it is reasonable to conclude that the jets
penetrate and disturb the engine boundary layer causing an inrease in static
pressure losses. The actual penetration depth will undoubtedly be reduced by
mean flow within the motor interior. This behavior is not well understood and
warrants further study.

Helmholtz resonators generate higher harmonic sound due to nonlinear orifice

jetting when exposed to intense high amplitude incident sound. The possibility
exists that Helmholtz resonators may generate higher harmonic sound pressures
that may couple with the engine interior sound fields to excite difficult to
attenuate higher-order modes. This behavior is not well understood and
warrants further study.
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4 POLE.FOR 3/7/97 3:49:09 PM

C C *********************************************************************

C

C APPENDIX A. PROGRAM FACE-SHEET VELOCITY.FOR

C

C Program to Compute the Face-Sheet Impedance of a SDOF, Cavity-Backed,

Single Circular Perforate in Orifice a Grazing Flow Environment.

C Based on Hersh Impedance Model

C

C ASH - 2/3/97

C

C *********************************************************************

C

PROGRAM FACESHEET

REAL FREQ, RESIS, REACT, TAU,SPL, FREQINIT,

+ SIGMA, EPSILON,UREF, DELTABL, DCAV, DORI,

+ NU, PI,RHO, PINC,VINF, CM, C0,LCAV, MACH, DELFREQ

INTEGER*2 ITEKATIONS,NFREQ

II

CHARACTER*80 FILENAME

WRITE (*,*)'SPECIFY NAME OF OUTPUT FILE'

READ(*,II,END=I000) FILENAME

WRITE(*,*) FILENAME

FORMAT(AS)

OPEN(UNI_=3, FILE=FILENAME, FORM='FORMATTED', STATUS='UNKNOWN')

DATA CM, NU, PI, RHO, CO / 2.54,0.15,3.14159,0.0012,34400.

EPSILON = 0.01

ITERATIONS = 0

THE RESONATOR PARAMETERS,LCAV, DCAV, DORI,TAU ARE ASSUMED KNOWN AND

ARE INPUT IN INCHES. HERE LCAV = CAVITY DEPTH, DCAV = CAVITY DIAMETER,

DORI = ORIFICE DIAMETER, TAU = FACE-PLATE THICKNESS AND OPEN AREA RATIO

PARAMETER SIGMA = (DORI/DCAV)**2.

WRITE (*,*) 'INPUT CAVITY DEPTH (INCHES)

READ(*,*) LCAV

LCAV = LCAV*CM

WRITE (*,*)

WRITE (*,*) 'INPUT CAVITY DIAMETER

READ(*,*) DCAV

DCAV = DCAV*CM

WRITE (*,*)

(INCHES)'

WRITE (*,*) 'INPUT ORIFICE DIAMETER (INCHES)

READ(*,*) DORI

DORI = DORI*CM

WRITE (*,*)

WRITE (*,*) 'INPUT FACE-PLATE THICKNESS (INCHES)

READ(*,*) TAU

TAU = TAU*CM

WRITE (*,*)

SIGMA = (DORI/DCAV)**2

INPUT (REAL) FACE-SHEET VELOCITY (UREF), SOUND FREQUENCY (FREQ), GRAZING

FLOW MACH NO. (MACH) AND BOUNDARY-LAYER DISPLACEMENT THICKNESS (DELTABL).

WRITE (*,*) 'INPUT FACE-SHEET VELOCITY UREF (CM/SEC)

READ(*,*) UREF

WRITE (*,*)

WRITE (*,*) 'INPUT INITIAL SOUND FREQUENCY (Hz)'

READ(*,*) FREQINIT

WRITE (*,*)
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4 POLE.FOR 3/7/97 3:49:09 PM

WRITE (*,*) 'INPUT FREQUENCY INCREMENT (Hz)'

READ(*,*) DELFREQ

WRITE (*,*)

C

C

WRITE (*,*) 'INPUT NO FREQUENCY INTERVALS'

READ(*,*) NFREQ

WRITE (*,*)

WRITE (*,*) 'INPUT GRAZING FLOW MACH NO.

READ(*,*) MACH

VINF = MACH*C0

WRITE (*,*)

WRITE (*,*) 'INPUT BOUNDARY-LAYER DISPLACEMENT THICKNESS CINCHES)'

READ(*,*) DELTABL

DELTABL = DELTABL*CM

IF(DELTABL.EQ.0.) DELTABL = DELTABL + 0.0001

WRITE (*,*)

22

WRITE(3,*)' LCAV DCAV TAU DORI MACH BL-THICK'

WRITE(3,*)' (in) (in) (in) (in) No. (in)'

WRITE(3,*)' '

WRITE(3,78)LCAV/CM, DCAV/CM, TAU/CM, DORI/CM, MACH, DELTABL/CM

WRITE(3,*)

WRITE(3,*)

WRITE(3,*)

WRITE(3,*)

WRITE(3,*)

WRITE(3,*) UFS FREQ SPL RESIS X FACE

+ REACT N ITERS'

WRITE(3,*)' (cm/sT (Hz) (dB) '

WRITE(3,*)

****************************************************************************

START WITH CREATING DO-LOOP ON FREQUENCY FROM FREQINIT TO FINAL DESIRED FREQUENCY

THEN START WITH INITIAL GUESS OF SPL = 120 dB, CALCULATE IMPEDANCE Z AND COMPARE

IMPEDANCE MODEL PREDICTED FACE-SHEET VELOCITY (UFS) WITH INPUT FACE-SHEET

VELOCITY UREF CALCULATED FROM EXPRESSION UFS = PINC/Z.

THEN PREDICT NEW PINC USING PREDICTED Z AND INPUT FACE-SHEET VELOCITY UREF

USING EXPRESSION PINC = UREF*SQRT(R**2 + X**2). REPEAT THIS PROCEDURE UNTIL

THE QUANTITY ABS[I - UREF/UFS] < EPSILON = 0.01.

DO 2 I = I,NFREQ

FREQ = FREQINIT + (I-I)*DELFREQ

PINC = 200

CALL IMPEDANCE (PINC, RESIS, FACEREACT,NU, PI,RHO, FREQ, C0,VINF,

+ DORI,TAU,SIGMA, LCAV, REACT, DELTABL)

UFS = PINC/(RHO*CO*SQRT(RESIS*RESIS+REACT*REACT))

ITERATIONS = ITERATIONS + 1

IF (ITERATIONS.LT.10000) GOTO 22

WRITE(3,*)' '

WRITE(3,*)'PROGRAM STOP: NO. OF ITERATIONS > 10000'

STOP

CONTINUE

IF (ABS(I-UFS/UREF).GT.EPSILON) THEN

PINC = RHO*CO*UREF*SQRT(RESIS*RESIS+REACT*REACT)

GOTO 3

ELSE

********************************************************************************

PRINT FOLLOWING OUTPUT: UFS, FREQ, SPL,RESISTANCE, FACE SHEET REACTANCE,

RESONATOR REACTANCE AND NUMBER OF ITERATIONS

REQUIRED FOR CONVERGENCE.

SPL = 20.*ALOGI0(PINC/0.0002)

WRITE(3,66)UFS, FREQ, SPL, RESIS,FACEREACT,REACT,ITERATIONS

WRITE(3,*) A2-33



4 POLE.FOR 3/7/97 3:49:09 PM

C

66

78

2

1000

+

C

C

+

+

+

C

FORMAT(IX,3(F7.1,5X),F6.3,3X,2(F8.4,5X),2X, I4)

FORMAT(IX,5(F7.4,2X),F7.4)

ENDIF

CONTINUE

stop

END

************ SUBROUTINE IMPEDANCE *************************

THIS SUBROUTINE CALCULATES THE RESONATOR RESISTANCE, REACTANCE

SUBROUTINE IMPEDANCE (PINC, RESIS, FACEREACT,NU, PI,RHO, FREQ, C0,

VINF, DORI,TAU, SIGMA, LCAV, REACT, DELTABL)

COMPLEX ALPHABETA, Z

REAL FREQ, RESIS, REACT, DORI,TAU, FL,VREF, PNON,XLIN,

SIGMA, DELTABL, OMEGA, OMEGAL, X,Y,B,XV,NU,

VINF, CD0,C0,LCAV, LODE, LVDE,UUU, PSIV,VVV,

ALPHA, ALPHAI,ALPHA2,BETA, BETAI,BETA2,BETA3

OMEGA = 2*PI*FREQ

DE = TAU + .85*DORI/(I + 0.625*SQRT(SIGMA))

OMEGAL = CO*SQRT(SIGMA/(DE*LCAV))

FL = OMEGAL/(2*PI)

VREF = OMEGAL*DE

PNON ='PINC/(RHO*VREF**2)

DISPL = DELTABL/DORI

C ** RESONATOR PARAMETERS

C

**********************************

X

CD0

Y

LODE

XLIN

B

XV

UUU

PSIV

VVV

LVDE

= SQRT(PNON)*(I+ TAU/DORI)**0.1

= SQRT(I+TAU/DORI)*(I + SQRT(PNON))**3/

(I+4.2"X + 2.3"X**1.5 + 0.02*X*X + 5.5"X*'2.5)

= SQRT(PNON)/(I+TAU/DORI)**0.4

= (I+SQRT(PNON))**3/(I+I0*Y**I.25+9*Y**3+20*Y**4)

= (TAU/DORI)**2

= (2.19 + 17*XLIN+473.*XLIN**2)/(I + 64.*XLIN**2)

= SQRT(RHO*VINF*VINF/PINC)

= ((I+XV)**5)/DISPL**0.2

= UUU/(I + I000"XV**1.5 + 25"XV*'4.5)

= ((I + XV)**4)/(I+SQRT(PNON))**0.2

= LODE*VVV/(I + 7.4"XV*'3 + 0.56"XV*'4.5)

*** PARAMETERS ALPHA AND BETA ***************************

PNL =

ALPHA1 =

ALPHA2 =

ALPHA =

BETA1 =

BETA2 =

BETA3 =

BETA =

PNON/(2*CD0*CDO)

PSIV*VINF/(2*CD0*VREF)

B*SQRT(OMEGA*NU/2)/(2*CDO*VREF)

ALPHA1 + 1.1*ALPHA2

OMEGA*LVDE/(2*CD0*OMEGAL)

SIGMA*CO/(2*VREF*TAN(OMEGA*LCAV/CO))

0.455*ALPHA2

BETA1 - BETA2 + BETA3

ALPHABETA = CMPLX(ALPHA, BETA)

*** PRINT OUTPUT *********************

Z = ALPHABETA + CSQRT(PNL + ALPHABETA**2)

RESIS = KEAL(Z)*VREF/(SIGMA*C0)

REACT = 2*BETA*VREF/(SIGMA*C0)

FACEREACT = 2*(BETAI+BETA3)*VREF/(SIGMA*C0)

END
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Figure 3a. Flow Visualization of Nonlinear Orifice Jetting: SPL = 100 dB

Figure 3bo Flow Visualization of Nonlinear Orifice Jetting: SPL = 110 dB
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Figure 3c. Flow Visualization of Nonlinear Orifice Jetting: SPL = 120 dB

;T

Figure 3d. Flow Visualization of Nonlinear Orifice Jetting: SPL = 130 dB
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I. INTRODUCTION

It is reasonable to assume that future commercial aircraft will have to comply with increasingly
stringent environmental noise pollution regulations. This may require engine and engine nacelle
manufacturers to improve the efficiency of current acoustic liner designs which often consist of
fine wire-mesh screens bonded to honeycomb-backed circular orifices. It has been well
documented that the acoustic resistance of these kinds of liners in flow duct applications are
insensitive to the effects of grazing flow speed and sound pressure amplitude 1. However, the
bonding of screens to honeycomb-backed circular orifices significantly increases production and
maintenance costs and imposes additional weight relative to non-screen liners.

A research program was undertaken to assess the practicality of designing liners constructed
with multiple micro-diameter perforates to achieve linear or near linear impedance in aircraft

engine applications. The objectives of this report are twofold and consist of (1) development of
a semi-empirical impedance prediction model and (2) validation of model with test data.

The report is organized as follows. An impedance model is derived in Section II followed by a
descriptibn of the experimental program and test results in Section III. The report closes in
Section IV with a discussion of further work required to assess the practicality of designing liners
constructed with multiple micro-diameter perforates.

II. MODEL DERIVATION

A semi-empirical impedance prediction model is derived for the case of N micro-diameter (dN)
perforates backed by a common cavity. The derivation is based on applying conservation of
unsteady mass and vertical momentum flux across the control volume of a typica2 orifice as
sketched in Figure 1. It is assumed that the cavity pressure P=,v can be accurately modeled
using one-dimensional acoustics. Referring to Figure 1, V_oSoo represents the grazing volume
flow deflected into the resonator cavity by the local sound pressure field P,_ incident to the
control volume surface SN= _dN2/4, unS, represents the (vertical) acoustic volume flow entering

the control volume upper surface, HN represents the orifice lumped element inertial length
parameter, u,,_ S,,=N represents the sound particle volume flow at the control volume lower
surface, the so-called "vena contracta" where S_:_ represents the cross-sectional area of the
"vena contracta". The face-plate thickness is denoted by .t, the cavity depth by L=v and the
cavity cross-sectional area by S_.

Conservation of Mass. Assuming HN << X, the conservation of mass flux within the control

volume of N perforates may be written,

Nu_=nS,,cn = NV®S®N + NunS N (1)

Thus to first order, the pumping of volume flow into and out-of a resonator orifice is governed by
unsteady, incompressible motion. This makes sense because acoustic changes can occur only
over scale lengths on the order of an acoustic wavelength.

Conservation of Vertical Momentum. The conservation of momentum in the vertical direction

may be written,
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(2)

The various terms in Eq. (2) are described below:

• The first term on the left-hand-side (LHS) represents the rate of increase of
momentum stored in the control volume. Here HN is a length lumped element inertial

length parameter that is unknown and must be modeled experimentally. The quantity
NSN represents the total area of the N orifices.

• The second term on the LHS represents a Bernouilli type of nonlinear increase in
momentum flux across the control surfaces SONand Sv_N.

• The first term on the right-hand-side (RHS) represents the incident acoustic driving
force acting on the control surface area NSN.

• The second term on the RHS represents the cavity restoring force acting upon the
fluid deflected into the cavity interior volume.

• The third term on the RHS represents the momentum loss from frictional wall shear
stresses T_ distributed over the face-plate thickness wetted area S,N =XdN'C where z

represents the constant face-plate thickness.

The cavity pressure P_,, is estimated by solving the one-dimensional wave equation in the cavity
resulting in the following expression,

P=v = -ipoco(_cot UN; a -- S,_

The wall shear stress T_ is assumed to be generated from the following acoustic boundary-

layer viscous scrubbing losses and steady-state (zero frequency) fully developed pipe flow
pressure drop losses,

TwNSwN + KAC _o UN N'w,;dN (4)

where Kss and KAc are arbitrary constants.

Substituting Eqs. (1, 3 & 4) into Eq. (2) and introducing an acoustic discharge coefficient CON
and a grazing flow coefficient CooN, defined as,

S_..___, S® (5a,b)
CDN ---- SN ' C® N -- SN

yields
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dun r( 1- CoN'_ 2 1v=}="==

Pi"c(NSN) + iNSnp°c°_ c°t(kL=v)- N='cdN-8Kss#° _v_]dN + KAC_O UN

(6)

In deriving Eq. (6), steady-state terms proportional to Voo2were ignored and only acoustic terms

retained. Observe that the second term on the LHS of Eq. (6) is nonlinear with respect to the
sound particle velocity UN. It should be solved numerically to achieve a dynamically steady-state
solution followed by a FFT analysis to calculate the fundamental harmonic time-dependent

velocity component. Although this procedure is numerically straight-forward, it greatly
complicates the design of efficient sound absorbing liners. The following simplified scheme is
proposed. First, assume that the sound field is harmonic so that acoustic quantities are written
as,

u N -- LIN ek_t ('7)

To simplify the notation, the symbol (^) is deleted in the remainder of this report and it is
understood that only acoustic amplitudes are considered. Second, the quantity uN2 on the LHS
of Eq. (6) is written as

2 _i_t..2
U N -_ u u N (8)

Equation (8) can be interpreted as retaining only the harmonic acoustic energy or equivalently
the simplification results in the loss of higher harmonic acoustic energy. It is important to
understand that nonlinear acoustic jetting effects are unaffected by this simplification. Since we
are interested in using micro-diameter perforate liners to achieve linear or near linear sound

absorbing liners, this simplification is quite reasonable.

Incorporating these ideas into Eq. (8) yields,

20= =

po(NSN)(i(_HN)UN +NPoSNr_I-CDNIu_L _- CON +("_DN V®)UN]

[==coPi,¢(NSN) + iNSNPoC0C cot(kL=v ) - N='cd N + KAc_0 UN

(9)

Dividing Eq. (9) by poNSN and rearranging leads to the following equation governing the sound

particle velocity field within the perforates,

U N£ (I-- Cl]NI[2( C_iN IV® Jr 32KssI_'_Jr _; L d R )

+,o=.I,-.Nlu.;o
A3-3
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where the parameter KN is defined as,

poCoa cot(kL=v)

F..N ---- CORN
(11)

In deriving Eq. (10), it was assumed that total perforate area was held constant, independent of

perforate number, which leads to the following relationship between a single and multiple
diameter perforate face-sheet configurations,

_:d_ =d_ d,

NS N=N_---=S,- _- _ dN-_ (12)

Although the detail structure of the pumping of acoustic volume flow into and out of the orifice is

not symmetrical, Eq. (10) is assumed to be valid over an entire cycle. This is based upon the
assumlotion that over long time periods relative to the incident sound period, the time-averaged

volume inflow and out-flow must be equal over a cycle to insure that the mean cavity pressure is
constant, independent of time.

Over the inflow half-cycle, the solution to Eq. (10) is

f CoN P"° [ CONu.= (1-CON) o+ iliON) _1F co_. ] (13)

where the quantities a' and 13'are defined as,

o_'-2 V®+ 2Kss/--_- I + 4KAc - -
k,dN) (14a,b)

The normalized impedance Z/poCo of a Helmholtz resonator is defined as

Z P=c P,n_
-- -- , ScavUca v = NSNU N --> Uca v = (3"u N (15a,b)

PoCo PoCoUcav PoCoO'U N

Replacing UN by Eq. (13) results in the following expression for the impedance of N micro-
diameter circular or almost circular perforates backed by a common cavity,

poCo - 2_ + --c Co. )L.poCo2J +
(16)

where c_and 13are defined as,
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Equation (16) shows resonance occurs when 13= 0. This leads to the -following expression for

resonance,

Rre s o_

p0c0 2_

1 /(1-- CDN) (" Pi.c /Co-  o0oo  +I l (18)

When viscous scrubbing losses are large relative to nonlinear and/or grazing flow resistive
losses, the resonator impedance simplifies to,

Z _ +il3

PoCo
(20)

Observe from Eq. (17a) that the viscous scrubbing losses exhibit a dependency on both
frequency and number of perforates.

The resonator impedance is defined in terms of the following five unknown parameters: Kss, KAc,
CDN, COON and HN,. These parameters are assumed to be independent of time and hence

frequency. Since they are unknown, they must be determined from experimental data.

III. EXPERIMENTAL PROGRAM

An experimental program was undertaken to provide a data base in order to generate empirical

curve-fits of the five parameters defined above. Table I below defines the important parameters

of twelve micro-diameter orifices perforate resonator configurations. Figure 2 displays enlarged

photographs of the N = 1, 4, 16 and 100 micro-diameter perforate face-sheet specimens. The

photographs show that the laser drilling manufacturing process results in non-circular shapes.

Thus it was necessary to measure the average diameters of the perforates optically. This

resulted in the variable spacings between perforates as shown in column 4 of Table I.

Because of lack of precision associated with the laser drilling process, detailed impedance

measurement of only the five resonator configurations identified by a (*) in the third column in

Table I were obtained using Dean's two microphone method 3. Theimpedances of the remaining

specimens are planned to be measured in 1997.
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Table I. Summary of Micro-Diameter Resonator Geometries

N I S I <d_> S/<do_> Lcav Dcav • _:/<dori> a
I (inches) I (inches) (inches) (inches) (inches)

1 NA* 0.079 NA 4.0 0.3906 0.040 0.506 0.0343

4 0.06 0.0380 1.58 ' ' ' 1.053 0.0379
0.0389

0.10 0.0373 2.68 ' ' ' 1.072 0.0364

16 0.03 0.0210 1.43 ' ' ; 1.905 0.0461

0.08* 0.0385 2.08 ' ' ' 1.039

0.04* 0.0213 1.88 ' ' ' 1.878 0.0476
0.05 0.0213 2.34 ' ' ' 1.878 0.0478

100 0.012" 0.0063 1.91 ' ' ' 6.349 0.0258
, 0.013 0.0061 2.64 ' ' ' 6.557 0.0240

0.020 0.0063 3.18 ' ' ' 6.349 0.0259

400 0.008* 0.0035 2.32 ' ' ; 11,429 0.0314

0.010 0.0031 3.21 ' ' ' 12.903 0.0255

Test Results

The impedance measurements are summarized in Figures 3-5. Figure 3 displays the
effect of SPL on the resistance and reactance of the N = 1 configuration. The work of
Hersh and Walker 4.shave shown that the increase in resonator resistance with frequency

in the neighborhood of the resonator tuned frequency is caused by nonlinear (SPL)
jetting effects. This is valid only for resonator configurations with'ddo, < 1. The effect of
orifice number and hence _/do,, displayed in Figure 4, show the increase in resistance

with frequency near resonance to virtually disappear when N = 100, 400. The data
suggests that the increase in wetted area and hence orifice number increases both CDN
and frictional resistive losses. Referring to Eq. (16), the increase in CDN as N increases

explains the insensitivity of the resistance to frequency at large values of N. The
increase in resistance with N can be explained by combining Eqs. (12) and (17a) to yield,

or.=

Co

(21a)

At very large values of N, the resistance is dominated by steady-state viscous scrubbing
losses that are independent of frequency. This is consistent with the data shown in
Figure 4. The corresponding effect on face-sheet reactance shows an increase with N
below resonance and a decrease above resonance. This is difficult to understand and

may be related to the variation of orifice geometry as suggested in Figure 2. Further
research is required before an explanation is offered.

A3-6



Figures 5a and 5b display the effect of grazing flow on resonator resistance and face-
sheet reactance respectively. The effect of grazing flow on resistance diminishes as N

increases and becomes negligible for N = 100, 400. The corresponding effect of grazing
flow on face-sheet reactance again shows an increase with N below resonance and a
decrease above resonance. This is also difficult to understand and an explanation is
deferred until further research is conducted.
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